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Preparation and Application of Electrodes
in Capacitive Deionization (CDI): a
State-of-Art Review
Baoping Jia1 and Wei Zhang2,3*
Abstract
As a promising desalination technology, capacitive deionization (CDI) have shown practicality and cost-effectiveness
in brackish water treatment. Developing more efficient electrode materials is the key to improving salt removal
performance. This work reviewed current progress on electrode fabrication in application of CDI. Fundamental
principal (e.g. EDL theory and adsorption isotherms) and process factors (e.g. pore distribution, potential, salt type
and concentration) of CDI performance were presented first. It was then followed by in-depth discussion and
comparison on properties and fabrication technique of different electrodes, including carbon aerogel, activated
carbon, carbon nanotubes, graphene and ordered mesoporous carbon. Finally, polyaniline as conductive polymer
and its potential application as CDI electrode-enhancing materials were also discussed.
Keywords: Capacitive deionization, Electrode, Review, Desalination, Water treatment
Review
Introduction
The concept of capacitive deionization (CDI) was first
introduced in the 1960s in the University of Okla-
homa by G.W. Murphy and D.D. Caudle [1]. The first
CDI system they designed was based on flew through
mode in which electrode sheets were made of acti-
vated carbon powder and saline water was pumped
through the charged electrode sheets. Ions were hold
into the pores of the electrode sheets as a result of
the static electrical force and the physical adsorption.
This process was later improved by Johnson et al. [2]
in the 1970s who proposed a reversible electrosorp-
tion model to regenerate the electrode by removing
the electrical field of the electrode and release the
ions back to a concentrate flow. Following researches
included describing the process with physical theories,
trying different electrode materials and designing vari-
ous water flowing systems. However, the fundamental
process still similar to that of Johnsons’. A typical
CDI system is shown in Fig. 1.
As the ions are actually removed by the electrical
adsorption and the physical adsorption effect, both the
electrical double layer theory and the physical ad-
sorption models were applied to explain the process
theoretically.
Electrical Double Layers
Electrical double layer (EDL) is a basic concept in
electrochemistry. When the electrode is charged and
put into a solution with ions, the interface of the
charged electrode and ions rich solution will be occu-
pied with counter ions as a result of the Coulomb
force, forming EDL. Diminishing the charge hence the
removal of Coulomb force releases the held ions back
to the solution. This taking up and release process
can be used as deionization and regeneration oper-
ation in desalination. The first model for CDI based
on electrical double layer was developed by Johnson
and Newman [3, 4] in the 1970s. In this model, it
was assumed that ion sorption in the CDI is approxi-
mated as capacitive process; kinetics of adsorption
does not limit the rate and faradaic reactions are
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negligible. The model has been widely used to investi-
gate the process and explain experimental results.
Interfacial properties and structures between an
electronic conductor (electrode) and an aqueous elec-
trolyte solution have been explained well by widely
accepted Gouy-Chapman-Stern double layer theory
[5]. According to the model of Gouy-Chapman-Stern
model, the double layer can be assumed to be divided
into an ‘inner’ region and a ‘diffusion’ region. The
inner region is named as the Helmholtz layer where
ions covered directly onto the surface of electrode,
while the region further from the surface is a diffusion
layer called the Gouy–Chapman layer where the distribu-
tion of electric charge is depended on the potential at
the surface. Both capacitances of the two layers
contribute to the total capacitance; thus, the total cap-
acitance can be calculated like a series union of both
the inner Helmholtz layer and diffuse Gouy–Chapman
layer (Fig. 2). The electrical capacitance of the inter-
face, CT, is expressed as the sum of two capacitors in
series: Eq. (1).
1
CT
¼ 1
CM−H
þ 1
CH−S
ð1Þ
where CM−H is the capacity of the inner double
layer between the electrode surface M and the
plane of closest approach for the ions H (Helmholtz
layer, and CH−S is the capacity of the Gouy-
Chapman layer).
In a classic parallel-plate capacitor, charge separation
is electrostatic. Capacitance is in proportion directly
with the area of the plates and the inverse distance of
separation as shown in Eq. (2):
CM−H ¼ εrε0 AD ð2Þ
where CM−H is the capacitance (F); A is the area of each
plate (m2); εr is the relative electro static permittivity (di-
electric constant) of the material between the plates; ε0 is
the permittivity of free space (8.854 × 10−12 F/m) and D is
the separation between the plates (m);
Fig. 1 Illustration of the CDI process. a Ion removal procedure. b Electrode regeneration
Fig. 2 Distribution of charge in the Gouy–Chapman–Stern mode [5]
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Gouy and Chapman developed the formation for cal-
culating the dependence of the excess charge, q on the
potential at the Helmholtz plane (Eq. 3), by treating ions
as point charges and assuming an ideally polarized elec-
trode, namely, no electron transfer through the interface
and ignoring the ion adsorption associated with other
interactions.
q ¼ 2RTεCs
π
 1=2
sinh zℑΦH
2RT
 
ð3Þ
Differentiating the charge q with respect to ΦH the
electrical capacity of the diffuse layer is obtained by
Eq. (4):
CH−S ¼ zj jℑ ℰCs2RTπ
 1=2
cosh zj jℑΦH
2RT
 
ð4Þ
The excess charge distribution at the interface between
a charged electrode-electrolyte according to the Gouy–
Chapman–Stern model is described schematically in
Fig. 2.
From Eq. (1), it is shown that both the capacity of the
inner Helmholtz layer, CM−H, and the capacity of the
Gouy–Chapman layer, CH−S, contribute to the total cap-
acitance. However, in practical CDI processes, CM−H is
much more important for ions capacity. Equation (2)
shows that the specific electrical capacities can reach
high values, as a result of the extremely short distances
involved in double layer capacitors, large relative electro-
static permittivity of the material between the plates and
large specific surface of the electrodes. In fact, distances
involved in double layer structure have been reduced to
an extreme, and the permittivity of the material between
the plates can hardly improve because of the aqueous
environment in CDI cells. The option of increasing the
specific surface area of the electrodes becomes the main
solution to achieve high electrical capacity.
Biesheuvel et al. [6–8] further studied the Gouy–
Chapman–Stern-based adsorption and desorption model
in CDI process. They took a simplified process by neglect-
ing the effect of concentration gradients and consider only
the driving force of electric field. In calculation, they found
only the Helmholtz layer capacity was a freely adjustable
parameter that described the data well suggesting that the
Helmholtz layer capacity was of equal importance to
surface area in characterization of salt storage capacity.
Also, taking the microporous structure of the electrode
material into account, they tried to evaluate the influence
of co-ion expulsion by defining charge efficiency as the
ratio between the amount of salt molecules removed from
the solution and the amount of electronic charge trans-
ferred between the electrodes. Charge efficiency was used
as a factor to evaluate ion distribution within the electrical
double layer. It was also used as indicator for estimation
of energy efficiency [9–11].
Adsorption Model
Langmuir Isotherm In traditional water treatment,
carbon was used as adsorbent to removal impurities
from water by an adsorption process without the help of
driving force of electrical field. Several models have been
used to describe the adsorption process, and Langmuir
and Freundlich adsorption isotherms are the most com-
monly used ones. CDI is a similar process in which
electrical force driving is used instead of driving of
concentration gradient. In both cases, equilibrium hap-
pens as a result of the surface saturation of the carbon
material. Adsorption models that have been used to
studied carbon adsorption are also used to study CDI
process. Although electrical double layer theory is the
most commonly used model for CDI, Jayson et al. [12]
reported the adsorption of mercury(II) acetate from
aqueous solution onto an activated charcoal cloth (ACC)
was Langmuir charactered. Gabelich et al. [13] used
Langmuir, Freundlich and BET isotherms in their study
on electrosorption of ions onto carbon aerogels to fit
experimental data and found the Langmuir isotherm
described the data well. Their findings suggested that for
modelling purpose in CDI, monolayer adsorption could
be assumed. The Langmuir adsorption isotherm is
expressed as
X ¼ XmbCe
1þ bCe ð5Þ
where X per unit weight of adsorbent; Ce represents
equilibrium concentration of the solute.
Freundlich Isotherm The Freundlich isotherm is an
empirical mathematical description of adsorption in
aqueous system, as
x
m
¼ KC1=ne ð6Þ
where x is the amount of solute adsorbed; m refers to
the weight of adsorbent; Ce represents equilibrium
concentration of the solute; and K and n are constants
depending on the system.
Li et al. [14, 15] studied the adsorption isotherm of NaCl
on carbon nanotube and carbon nanofibre composite. By
comparing the Langmuir and Freundlich isotherms, they
found the Langmuir isotherm described the experimental
data better than Freundlich isotherm. Interestingly, their
following studies [16, 17] on electrosorption of carbon
nanotubes and graphene showed that at low salt concen-
tration, the electrosorption followed Freundlich isotherm,
too. Explanation for this phenomenon was the adsorbed
layer did not fulfil the monolayer capacity at diluted
solution. At this point, the Freundlich isotherm as an
empirical equation of adsorption described the data well.
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Ban et al. [18] on the other hand found the electrosorption
of naphthalenesulfonic acid on activated carbon fits the
Freundlich isotherm.
Parameters That Affect the CDI Performance
Many factors influence the adsorptive performance of
the electrode material: first, the nature of the electrode
material such as surface area, pore size and distribution;
second, applied electrical potential and third, the solu-
tion conditions, concentration and type of ions. Gabelich
et al. [19] carefully studied the effects of operational
parameters including applied voltage, flow rate and pH
on the system performance for the first time in a carbon
aerogel-based CDI device. Obviously, all the parameters
affect ion sorption and desorption process; salt removal
was better at higher applied voltages (2.0 V in their
study); increased sorption efficiency was obtained at
slower flow rates (50 mL/min) and high pH did ad-
versely affect desorption. Further studies addressing the
determining factor for CDI found that pore distribution
of the electrode material and drive potential as well as
ion type and concentration influence the deionization
performance significantly.
Pore Distribution
Early in Cauddle and Farmer’s work, it was found that
the average pore size of the electrode material had
significant effect on the ion removal performance. Yang
et al. [20] conducted special work on the relationship
between electrosorption behaviour and the pore size of
carbon. They took the overlapping effect into the model
by defining the cut-off pore size as the smallest width
that contribute to the electrical double layers. The cut-
off pore width for 100 ppm NaF at the voltage of 1.2 V
is 0.6 nm. Any pore with a width smaller than 0.6 nm
does not hold any ion. Mesosized pores can provide a
smaller resistance for the ion transport pathway through
the porous carbon [21] and also a high surface area for
the ion adsorption [22]. When pore size is larger than
10 nm, the amount of ions adsorbed remain constant.
For the regions between 0.6 and 10 nm, the electrical
double layers overlap to some extent resulting in par-
tially losing the anion capacity. Macrosized pores can
serve as ion-buffering reservoirs guarantees shorter ion
diffusion distance, which facilitates the rapid transporta-
tion of the ions into the interior of the bulk material
[23]. Noked et al. [11] carried out experiments of ions of
different dimensions adsorbed onto carbon electrodes
with various porous structures. They found that the ratio
between the pore size and the ion size affected the elec-
trosorption process significantly. When the ions’ radii
approached the pore dimension, the electrical double
layer charging process was impeded. They also reported
that the rate of double layer charging was not only
depended on high capacitance. Lager pore size leads to
faster adsorption rate. The author suggested that multi-
porous fractal-structured electrodes with mesopores
being the entries of micropores could be a better choice
that facilitates both high capacitance and faster ad-
sorption. Peng et al. [24] compared the electrosorption
behaviour of mesoporous carbon electrodes with various
pore structures and found the electrode of 2D hexagonal
space groups showed better ion removal performance
for monovalent cation solutions, while 3D symmetry
cubic carbon was more efficient in removal of large-sized
bivalent and trivalent valent ions.
Potential
Farmer et al. [25, 26] first studied the NaCl removal with
four different voltages of 0.6, 0.8, 1.0 and 1.2. They
found with the increase of applying voltage the ion
removal efficiency improved significantly. Similar results
also found in deionization of NH4ClO4. It is easy to
interpret these results from the view of EDL. Higher
voltage means more free electric charge on the electrode
surfaces. However, to avoid the electrical dialysis of
water, the voltage applied must have an upper limit. The
standard potential of the water electrolysis is 1.23 V [5],
so most researchers conduct the experiment at the
voltage of 1.2 V. Lee et al. [27] investigated the electrode
reactions related to the applied potential by monitoring
the pH value of the solution during adsorption/desorption
process. It was found that pH changed correspondingly to
the applied potential.
HO2
− þ 2H2O
þ 2e− → 3OH− ÅE ¼ 0:87V
 !
ð7Þ
2Cl−→ Cl2 aqð Þ þ 2e−
Å
E ¼ 1:39 V
 !
ð8Þ
The solution pH increased at a potential of 1.0 V due
to the reduction of dissolved oxygen and decreased
rapidly at potentials of 1.2 V or greater due to the oxi-
dation of chloride at the anode. The pH level of the
solution was around 10 when the adsorption equilibrium
was achieved while applying voltage of 0.8 and 1.0 V.
When applying a potential of 1.2 V, pH increases to 10
and drops to less than 8. With 1.2 V potential, it
increases to 9 and drop quickly below 4.
Salt Type and Concentration
In Johnson’s study [3] on electrosorption of activated
carbon powders, it was observed that divalent ions were
preferred to adsorb onto carbon surface than monova-
lent ions. The preferential sorption of divalent ions was
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attributed to chemical equilibrium in the electrical double
layers. Gabelich et al. [13] later studied the effects of ion
charge and size on sorption onto carbon aerogel electrode
specifically. Results contrary to Jonson’s observation were
found. Adsorption of single-valent ions was prior to diva-
lent species when both ionic species were present. But
capacity of divalent ions could be enhanced when both
ions were divalent. The author suspected hydrated radius
of ions dictated the process. Seo et al. [28] discussed this
phenomena and gave an acceptable explanation. They
considered the two contrary results were obtained using
different electrode material. Differences in pore structure
of the two materials caused the difference in adsorption
properties. Smaller size of pores attributed to the selective
adsorption of monovalent ions which are small in hy-
drated radius while larger pore size favoured divalent ions
with large hydrated radius. Noked et al. [29] took further
investigation on this problem. They proposed the ratio
between pore size of electrode and hydrated ion size and
demonstrated the ratio were of crucial effect in the
electrosorption process. When the ions’ hydrated radius
approached pore dimension of carbon, the EDL charging
was impeded. The ionic strength which determines the
effective diameter of ions was considered to be an-
other important factor in electrosorption, as high ionic
strength results in smaller hydration shells leading to
easier entrance of ions. Furthermore, salt concentra-
tion was taken into consideration. The salt concen-
tration influenced the electrosorption process in two
ways. One way was by determining the resistance of
the solution. Lower concentration means higher resist-
ance hence slower kinetics. Another way was through
ionic strength and effective size.
Development of Electrode Materials in CDI
Carbon Material
The first CDI system in Caudle’s [1] research was a flew
through system with electrode sheets made of activated
carbon powder. Then, in the 1970s, Johnson et al. [2]
continued the study and developed the process as a re-
versible electrosorption. Several carbon materials were
studied as electrode material in their work. A theoretical
model based on the electrical double layer theory was
first proposed. Apparently, the electrode material should
be of large specific surface area to have high capacity to
hold considerable quantity of ions and be physically
stable during the ions taking and release procedure to
avoid polluting the water flew and gain good regener-
ation property. At the same time, in order to complete
the procedure quickly, the electrode should be of high
electrical conductivity. Porous carbon due to its high
surface area, good electrical conductivity as well as low
cost was used as electrode in this electrochemical
deionization process. Various carbon materials including
activated carbon powder, carbon aerogel, carbon nano-
tubes and graphene for instance are studied as candidates
of electrode materials for CDI.
Carbon material is a large family represents a wide range
of materials that are mainly composed by element carbon.
Among them, graphite and diamond are the two with
crystal structures and are not property adsorption mate-
rials because of the lack of surface area. Others are nor-
mally referred to as amorphous carbon. Characterization
of these amorphous carbon shows they also have micro-
crystalline structure. Unlike graphite in which flat layers of
hexagonal carbon rings compact together to give a crystal-
line structure, the orientation of microcrystalline layers in
amorphous carbon are different and less ordered. The
random arranged disordered microcrystallites tend to
crosslink with each other which result in a well-developed
porous structure hence enormous internal surface [18].
These high surface porous-structured carbons are known
as activated carbons and have been widely used as adsor-
bents for odour, colour and organic impurities for a long
time because of their unique porous structure [30]. Even
before CDI, carbon had already been used as adsorbent in
water treatment. With the highly favourable structure, it is
no coincident that carbon is considered to be the most
promising electrode material in CDI.
Apart from activated carbon, there are other carbon ma-
terials structured with carbon atoms in certain patterns
such as tubes (carbon nanotubes) and sheets (graphene).
These structure patterns provide the materials with
unique properties, such as large surface area, high
electrical conductivity and good thermal conductivity.
Applications of these materials in CDI will be discussed in
detail later in this part.
Activated Carbon Activated carbon powder (AC) as a
strong adsorbent in industry application is mainly
produced by the pyrolysis of carbonaceous source mate-
rials such as nutshells and wood at temperatures lower
than 1000 °C. The raw carbon materials are first carbon-
ized at temperatures below 800 °C and followed by the
activation of carbonized product between the tempera-
tures of 950 and 1000 °C [30]. Alternatively, the raw
materials could be chemically activated by acid, strong
base or salt prior to carbonization and then carbonized
at lower temperature (400–700 °C) [31].
AC has been the mostly used electrode materials in CDI
mainly because its low cost. It was actually the first elec-
trode materials used for electrosorption. The history of
AC as an electrode material in capacitive desalination date
back to the early 1960s by Caudle and Murphy [1, 32].
Since then, AC has been the most common material for
CDI electrode. Normally, a CDI electrode was fabricated
by a certain ratio of carbon material, conductive additives
(graphite in most case) and binders. Research works on
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AC in CDI include modifying the pore structure, retaining
faradaic reaction determining the type and amount of
binder and improving the conductive property. Zou et al.
[33, 34], Lee et al. [27, 35], Choi et al. [36, 37], Chang et al.
[38] and Hou et al. [39] published paper on AC electrode
CDI, Zou et al. emphasized on the pore structure
optimization, Lee investigated the effect of operation
parameter of the system, Choi et al. worked on controlling
the faradaic reaction of the electrode by using poly(vinyli-
dene fluoride) binder, Chang et al. obtained promising AC
electrode by using a novel liquid binder and Hou et al.
estimated that the suitable amount of binder (PVDF in
their study) was 10 %. Kim et al. [40] investigated the
desalination of brackish water containing oil compound
using AC electrode and found the process was reprodu-
cible adsorption and desorption characteristic. Bouhadana
et al. [41, 42] studied the practical aspects of an AC-based
CDI system, in which the author designed a flow-by
system. By estimating the energy consuming of the
system, they concluded that cost-effective production of
drinking water is possible by CDI process. Avraham et al.
[9, 10, 43] studied the limitations of charge efficiency of
the AC electrode in CDI process, in which electrosorption
behaviour of a single AC electrode and double AC elec-
trodes and the surface oxidized AC electrode were well
studied. The author concluded that it is possible to
maximize the charge efficiency by applying discharge
potentials (upon regeneration) higher than zero and for
AC of pore-size larger than 0.58 nm, the oxygen-containing
surface groups have no obvious effect in the ion
adsorption/desorption process.
Recently, modifying the AC electrode was used as new
strategy to obtain better desalination performance. AC
electrode with deposited ion-selective membrane [44],
making AC electrode with water soluble blinder [45],
and compositing AC with other materials to enhance its
conductivity, improve the capacity and modify its pore
structure have been reported. In the case of combining
AC with other materials, candidate such as ion-exchange
resin [35], MnO2 [46], titania [47] and graphene [48]
were used as component to improve capacitance and
desalination performance of activated carbon powder.
The adding to ion-exchange resin to the electrode
improved the hydrophilicity of electrode, and the ion
exchange site enhanced the ion removal capacity.
Deionization performance of the ion-exchange resin/
AC electrode was enhanced by 35 % compared to
the one without ion-exchange resin. The MnO2/AC
composite showed doubled ion removal amount than
the AC material due to a more suitable pore size
distribution and effective cation intercalation of
MnO2. For titania-loaded AC, the formation rate of
electrical double layer in AC electrode was improved
significantly and the amount of ions removed was
increased by 62.7 %, along with good regeneration
performance of electrode. Graphene-containing AC
showed improved ion capacity as the graphene
sheets acted as spacer that prevented the aggregation
of AC, providing more available surface.
Carbon Aerogel Carbon aerogels are nanosize air-filled
foams with mainly carbon as skeleton. Synthesis of carbon
aerogel starts by sol-gel polymerization of resorcinol (1,3-
dihydroxy benzene) with formaldehyde. Polycondensation
of resorcinol and formaldehyde form highly cross-linked
transparent hydrogels which are dried under supercritical
condition to form the precursor called RF aerogel.
Pyrolyzing the RF aerogel at relatively high temperature
(600–1200 °C) in an inert atmosphere gives carbon final
product aerogel. Other organic aerogels, phenol-furfural,
phenol-resorcinol-formaldehyde, melamine-formaldehyde,
polyurethanes, polyureas and polyvinyl chloride for in-
stance can also be used as precursors [49, 50]. Carbon
aerogels are attractive as electrode materials because of
their exceptional property such as high surface area (400–
1000 m2/g) and good electrical conductivity (10–100 S/
cm) [51]. Also, morphology of carbon aerogels can be
controlled to be films, powders or microspheres [52].
Figure 3 shows the TEM image of carbon aerogels.
In the 1990s, carbon aerogel was synthesized and be-
came a promising candidate for energy storage and CDI
electrode material. Farmer et al. [25, 26, 54–58] from
Lawrence Livermore National Laboratory did a lot of
work on the application of carbon aerogel in CDI. Salts
such as NaCl, NaNO3, Na3PO4 · Na2SO4, NH4ClO4 and
hexavalent chromium were shown to be removed from
aqueous solution. Since carbon aerogel could be produced
Fig. 3 TEM image of carbon aerogels [53]
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as monolithic sheets by controlling the morphology,
Farmer developed electrodes with pairs of thin sheets of
carbon aerogels instead of deep bed. The electrolyte
flowed in a channel between anodes and cathodes so as
not to create a potential drop as it did in flowing though
packed beds thus avoiding entraining the electrode mater-
ial into the fluid stream. Their experiments showed that
after prolonged operation, the electrodes lost part of their
adsorption capacity, but it is believed that reversing the
electrodes could make recover most of the losses. Later in
2002, Gabelich et al. [13] conducted a thorough study on
the electrosorption of ions on carbon aerogels including
effect of ionic charge, radius and mass. It was found that
monovalent ions with smaller hydrated radii were prefer-
entially removed from the solutions over multivalent ions
and because of the small pore size only a few per-
centage (14–42 m2/g) of the BET electrode surface
area (400–1000 m2/g) were available for electrosorption.
Fouling of aerogel surface by nature organic matter was
deemed to be a problem for the effective treatment of
nature water. Yang et al. [59] tried to use silica gel
enforced carbon aerogel as CDI electrodes. Results of their
experiments showed the adding silica improved ion
capacity by up to 28 % due to increased wettability and
enhanced mechanical hardness.
OMCs Ordered mesoporous carbons (OMCs) are car-
bon materials with ordered uniform pore size in the
range of 2–50 nm. Typical SEM images of OMC are
shown in Fig. 4. Conventionally, the uniform pore struc-
tures are obtained by attaching carbon precursors onto
certain templates with three-dimensional pore structures
(e.g. silica and zeolite) and remove the template after
carbonization. This is called hard-template method. To
overcome time-consuming and costly steps of the
silica etching process, a soft-templating approach was
introduced by directly assembly of organic amphi-
philic surfactant or block copolymers templates with
the carbon precursors [60].
Zou et al. [62–64] first studied the electrosorption
performance of OMC and compared with AC electrode.
They found the ion removal performance of OMC was
much better than AC due to its optimized pore struc-
ture. The ordered uniform structure with a peak diam-
eter of 4.0 nm facilitated the fast entrance and release of
ions onto and off the electrode surface lead to high ion
removal and faster regeneration. They further modified
the OMC structure by introducing nickel salts during
the synthesis process. The nickel containing OMC had
smaller ordered mesopores; the peak diameter shifted to
3.7 nm from the original 4.0 nm. Also, the modified
OMC possessed higher surface area and exhibited higher
ion capacity. Tsouris et al. [65] compared the deionization
performance of self-assembled OMC with carbon aerogel
and reported that OMC was a more suitable choice for
CDI. The reason was attributed to the order pore size
which provided more surface area to be accessed by ions.
Nadakatti et al. [66] also reported the enhancement of
CDI performance by adding mesoporous carbon black. It
is demonstrated that the ion removal efficiency increased
by 100 % after adding the mesoporous carbon black. More
recently, Peng et al. [67] synthesized composites of OMC
and carbon nanotube for CDI. They found that with
10 wt.% carbon nanotube combined, the composite
exhibited higher ion removal efficiency. Meanwhile,
reversibility and stability of the composite electrode
were both improved.
CNT and Graphene Graphene and carbon nanotube
(CNT) are novel carbon materials with unique structure
and extraordinary electrical properties. Graphene is one-
layered graphite in which a one-atom-thick sheet is
formed by carbon atoms arranged in a regular hexagonal
pattern (Fig. 5b). It is a two-dimensional material in
which carbon atoms are sp2-bonded in the bond length
of 0.144 nm. The electron mobility of graphene can be
as high as 200,000 cm2V−1s−1 [68]. This demonstrates
that the electrical conductivity of graphene is excellent.
Fig. 4 SEM images of OMC [61]
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More importantly, being a single-atom layer structure,
the theoretical surface area of graphene is 2630 m2/g
[69]. Besides, the interlayered open structure of gra-
phene sheets favours easy ion adsorption and desorption.
A single-walled carbon nanotube (SWCNT) is a rolled
graphene sheet in a cylindrical shape (Fig. 5a). A tube
surrounding tube structure made of two layers of
graphene sheets is called double-walled carbon nanotube
(DWCNT). And the one made of more than two layers
of graphene sheets is called multi-walled carbon nano-
tube (MWCNT). Depending on the arrangement of the
hexagon rings along the tubular surface, CNT can be
metallic or semiconducting.
These properties of uniform structure, large surface
area and good conductivity make graphene and CNT
very promising for a CDI electrode. Since ions are
electrically adsorbed and stored in the EDL on the elec-
trode surface, higher electrical conductivity and larger
specific surface areas mean higher ion capacity [70, 71].
Compared to other carbon materials, CNT and graphene
not only possess high specific surface area but also are
excellent in electrical conductivity. Good conductivity
not only contributes to the ion capacity but also speeds
up the ion adsorption and desorption process.
Dai et al. [72, 73] reported the use of multi-walled
carbon nanotube-based electrodes in the adsorption of
NaCl and confirmed the promising properties of carbon
nanotubes in the CDI process. Li and co-workers [15, 74]
using carbon nanotubes and carbon nanofiber composites
as CDI electrode material, they compared the electrosorp-
tive properties of SWCNTs and DWCNTs, and the results
of these studies are promising with respect to the suitabil-
ity of CNTs as electrode material. Zhang et al. studied the
effect of CNT diameter on its performance as CDI
electrode [75]. They discovered that salt removal efficiency
increase with the decrease of CNT diameter due to its
enhanced surface area.
Pan et al. [14, 76, 77] did a great deal of work on the ap-
plication of carbon nanotubes and graphene. They studied
the effects of ion charge, size and mass on electrosorption
of the ions. The result showed better electrosorption
capacity was obtained for the anions with smaller hydrate
radius. Capacity pattern of Cl− >NO3
− > SO4
2− was found as
smaller ions has easier access to the porous network.
Meanwhile, the carbon nanotubes exhibited quite effi-
cient regeneration performance due to high electrical
conductivity. Wang et al. [78] prepared three-dimensional
continuous carbon nanotube sponge by chemical vapour
deposition and studied its capacitive deionization per-
formance. The carbon nanotube sponge electrodes
showed higher desalination capacity than that of AC,
AC fibre and carbon aerogel. Composites of carbon
nanotube with mesoporous carbon [67, 79], poly-
acrylic acid [80] and graphene [81, 82] were also used
as electrode material in CDI. The mesoporous carbon/
carbon nanotube composite exhibited excellent desal-
ination behaviour with low energy consumption. Car-
bon nanotube/polyacrylic acid composite film showed
higher ion capacity than pure CNT with good regener-
ation ability. Graphene/carbon nanotube composite
demonstrated significant synergistic effect as the ion
capacity of the composite was better that either of the
component itself. It was explained that the long CNTs
not only interconnect adjacent graphene sheets thus
increasing conductivity of the composite but also
inhibited the aggregation of individual sheets, provid-
ing more applicable surface.
Graphene as the novel material in CDI research showed
good deionization performance than activated carbon
powder, even with a much lower surface area. Li et al.
[16, 17, 83] first reported the electrosorption behaviour
of graphene synthesized by a modified Hummers method
in NaCl solution. They later studied the ferric ion
removal of the graphene material. Inspired by these
research, Wang et al. [84, 85] conducted research on
capacitive deionization performance of resol functional-
ized graphene, in which the resol restricted the aggrega-
tion of graphene resulting in higher ion capacity. Jia et al.
[86] developed a three-step reduction of graphene oxide
(GO) in which the GO was first mildly reduced by iron
Fig. 5 Structural illustration of carbon nanotube (a) and graphene (b)
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powder and then sulphonic functional groups were intro-
duced to the partially reduced GO to obtain good disper-
sion property. The functionalized GO was finally reduced
by hydrazine. In this way, the resultant graphene electrode
showed high ion capacity and good regeneration perform-
ance. Wang et al. reported a modified thermal reduction
method utilizing pyridine as intercalating agent to prepare
graphene for CDI application [87]. Lei et al. prepared gra-
phene nanosheets by a novel Fe-catalyzed carbonization
method using glucose as carbon source [88]. More re-
cently, graphene featuring three-dimensional structure as
high performance CDI electrode using different templat-
ing methods was demonstrated due to higher surface area,
pore volume and superior ion transportation pathway
[89, 90]. Possibility of graphene/OMC composites as
CDI electrode using core-shell and triblock-copolymer
templating method was also explored [91, 92].
Other Carbon Materials Activated carbon cloth (ACC)
is another form of carbon material that has been well
studied for CDI. Ryoo et al. [93, 94] carried out electro-
sorption experiments on ACC and silicon, aluminium
and titania modified ACC. It was found that titania
could be highly dispersed on ACC surface hence reduce
its polar group, resulting in a reduction of physical
adsorption. While electrosorption of titania modified,
ACC was enhanced significantly due to increase of ad-
sorption sites introduced by the incorporated titania
atoms. Rapid desorption and good reversibility was also
obtained with titania modification. Oh et al. [95] studied
the influence of chemical activation of ACC on its
deionization property. Myint et al. studied the CDI
electrode made of nano/microsized zinc oxide/ACC
composites [96], where up to 22 % salt removal efficiency
was observed compared with using ACC alone.
A pair of asymmetric electrodes made of nanoporous
silicon dioxide and magnesium-doped aluminium oxide
was synthesized and examined for CDI application by
Leonard et al. [97]. It was reported that the electrodes
pair demonstrated effective removal of cations with
various valences as well as decreased regeneration time.
Haro et al. [98] developed carbon gel to remove ions
from brackish water. Parada et al. [99] reported carbide-
derived carbon for CDI and indicated that it could be a
good choice as electrode material for CDI based on easy
controlling of pore size. Yang et al. [100] prepared a
MnO2/PSS/CNTs composite electrodes, and Liu et al.
[101] studied electrosorption of polypyrrole and graphite
composites. More recently, CDI performance of hol-
low carbon nanofibers, which was prepared by the
electrospinning process of polyacrylonitrile (shell) and
poly(methyl methacrylate) (core) [102], activated carbon
fibre [103], and three-dimensional hierarchical porous
carbon (3DHPC) [104] was also reported in the literature.
Table 1 summarizes the CDI performances of different
electrode materials.
Membrane CDI
Conventional CDI is energy inefficient because adsorption
and desorption processes happen simultaneously at the
EDL. When an electric potential is applied, counter-ions
in the pore adsorb onto the electrode and co-ions are
expelled from the electrodes which will seriously reduce
desalination efficiency. To solve these problems, a mem-
brane capacitive deionization (MCDI) system was intro-
duced by Andelman et al. [105] in which ion-exchange
membranes were incorporated along into the electrode
fabrication. Including the membranes in the process block
co-ions from leaving the electrodes and counter ions can
be more fully flushed from the electrode region during
ion release procedure increasing ion removal efficiency.
Li et al. [106] constructed an MCDI device using carbon
nanotube and nanofiber electrodes with ion-exchange
membranes. They reported that the salt removal by the
MCDI system was about 50 % higher than that by the CDI
system. Biesheuvel et al. [107] presented a pilot-plant
experimental data for salt removal in MCDI as a function
of influent salt concentration and flow rate and found that
the salt concentration ratio between the diluted product
and the concentrated salt was as high as 25. Choi et al.
[44, 108, 109] also developed their own MCDI device has
the potential to be very ion-removal efficient. The data
shows that salt removal efficiencies of the MCDI cell were
enhanced by about 32.8–55.9 % compared to the CDI cell
depending on the operating conditions; the current
efficiencies were 35.5–43.1 % for the CDI cell but
83.9–91.3 % for the MCDI cell, about twice that of
the CDI cell. It was evident that MCDI can increase
the desalination efficiency significantly.
Polyaniline as Conducting Polymer
Polyaniline (PANI) is one of the conducting polymers that
has been extensively studied due to its extraordinary elec-
trical properties and good environmental stability [119].
Conducting polymers are mainly organic macromolecular
which can be electrically conductive because of the π
conjugated double bonds in the polymer back bones.
Electrons in the π conjugated double bonds are deloca-
lized and can move along the main chain as charge carrier.
Electrical conductivity can also be achieved by movement
of holes in occupied energy state. Conducting polymers
need to be doped to be conductive or to enhance the
conducting property. By doping, it is introducing con-
ductive electrons or holes. When electrons are intro-
duced, it is called n-type doping and p-type doping
when holes are introduced.
Polyaniline was first discovered in 1842 in the study of
aniline-based dye industry [120]. However, the electrical
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Table 1 CDI performances of various electrode materials
Electrodes Specific surface
area (m2/g)
Initial conductivity
(μS/cm)
Initial concentration
(mg/L)
Percent of salt
removed (%)
Applied
voltage (V)
Ion capacity
(mg/g)
Operation
time (min)
Ref.
Activated carbon powder 844 51.2 – – 1.2 0.25 28 [33]
1491/1594 100 – – 0.8 0.27 90 [63]
3073 – 1170 55 1.0 – 10 [110]
1792 30
1501 20
984 117 – 96.7 1.2 2.6 72 [39]
1260 – 200 77.8 1.5 – 180 [36]
730 – 60 – 1.2 0.13 [93]
100 6.1
200 8
500 9.72
1153 1000 – 1.2 10.8 180 [111]
1500 11
2000 11.76
Activated carbon/titania 546 – 500 44.9 1.2 – 200 [47]
Carbon cloth 1500 – 550 – 1.1 10.0 100 [41]
5500 – 1.1 7.7
Activated carbon cloth 1980 – 5.85 1 1.75 [94]
Activated carbon cloth/titania 1890 1 4.68
Activated carbon nanofiber 670 – 4000 – 1.2 8.9 80 [103]
712 192 – 36.5 1.6 4.64 160 [112]
Activated carbon/ion-
exchange resin
– 2000 – 60 1.4 – 18 [35]
Carbon aerogels 400–1100 100 – – 1.2 3.33 30 [54]
602 – 140 – 1.2 4.51 [113]
610 101.6 – 48 1.5 2.81 2400 [114]
65 1.7 3.76
113 – 2000 – 1.3 7.0 300 [115]
OMC 844 51.2 – – 1.2 0.68 90 [63]
MnO2/nanocarbon 558 50 – 81.5 1.2 0.99 50 [46]
686 50 79.3 1.2 0.95
Carbon nanotube 153 1500 – 1.2 4.76 200 [116]
2000 5.24
Carbon fibre – 60 – – 1.2 1.7 100 [117]
500 2.57
1000 3.71
Carbon nanotube/carbon
nanofibre
211 100 – 1.2 3.32 30 [15]
50 1.2 1.61
211 100 3.87 45 [118]
CNT/polyacrylic acid – 50 – 83 1.2 – 60 [80]
Carbon nanotube sponge 60–80 – 60 – 1.2 4.3 350 [78]
CNT/graphene 435 – 35000 – 1.6 633.3 90 [81]
479.5 57 – 77 1.0 1.41 120 [82]
222.1 50 – – 2.0 1.36 40 [17]
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property and electrochemical property of the substance
were not revealed until mid-1980s. MacDiarmid and his
group conducted much research on polyaniline, demon-
strated the inter conversion of its three oxidation
states [121] and elaborated their IR absorption and
optical absorption spectroscopy [122]. Also, 15 N
NMR [123] and X-ray scattering [124] of the polymer
were well studied.
Structure of PANI
PANI has a variety of forms according to its oxidation
and protonation state, which exhibit different electrical
conductivities and other interesting properties. The base
form of PANI consists of alternating quinoid and ben-
zenoid rings with repeat unit chain and can be divided
into three states based on the oxidation state: the
reduced form (leucoemeraldine), the fully oxidized form
(pernigraniline) and the intermediate form (emeraldine).
In the reduced form, nitrogen atoms connect entirely
with the benzenoid units: in the fully oxidized version, a
1: 1 mixture of benzenoid and quinoid rings; in the
emeraldine, with a 3: 1 benzenoid/quinoid ratio (Fig. 6).
Treatment of this last state by soaking in acid (see Fig. 7)
leads to a dramatic increase in electrical conductivity up
to around 500 S/m, and the process is called proton
doping [125].
The physical structure of PANI was profoundly revealed
along with the study of the conductivity mechanism. The
structure was described as a semi-crystalline with order
crystalline in the core surrounded by amorphous edge.
The doped central crystalline is metallic conductivity in
nature, amorphous region has disordered or fold polymer
chains which are lower in conductivity and the total
conductivity of PANI is restrained by the disordered area
[127]. As for which, the total conductivity of PANI
depends on the percentage of crystallinity molecular
weight molecular arrangement and degree of doping
[128]. Mechanism of conductivity was attributed to
polaron structure that is formed by nitrogen radicals,
which act as charge carrier holes. Except for acids polyani-
line could also be n-doped by strong reductant KH or
NaH [129]. More recently, carbon nanotubes were proved
to be doping agent for PANI [130, 131]. The SWCNT/
PANI nanocomposite processed good electrochemical
activity in neutral and alkaline media. SWCNTs were
considered pristine as potential dopant to preserve the
electrochemical property of PANI effectively in the neutral
and alkaline media.
Polymerization Mechanism and Morphology Controlling
Polymerization Mechanism Chemical polymerization
is a conventional method to produce high quality PANI
in a large scale. The reaction is initiated by an oxidizing
agent such as ammonium persulfate (APS) [132, 133],
H2O2 [134], benzoyl peroxide [135, 136], ferric chlor-
ide [137, 138] and chloroaurate acid [139, 140]. APS
is considered to be an optical choice due to its high
yield.
Chemical polymerization of PANI is shown in Fig. 8. In
the beginning, aniline monomers are induced into radical
cations by the oxidation agent. The radical cations are
recombined into a dimer according to the electrophilic
substitution mechanism to start the polymerization. After
this induction period, the terminal amine group of oligo-
mer or polymer attacks para-position in monomer causing
chain propagation, in which step it is assumed as an
electrophilic substitution process [141].
Table 1 CDI performances of various electrode materials (Continued)
464 – 250 84.3 2.0 8.6 100 [86]
Functional graphene 406.4 – 65 – 2.0 3.229 30 [84]
Graphene/activated carbon 779 100 – – 1.2 2.94 100 [48]
Polypyrrole/graphite 0.1407 – 1000 – 1.4 78.73 15 [101]
Activated carbon cloth 1200 100 22 % 1.2 8.5 7 [96]
CNT/micro/mesoporous carbon 526–990 40 98.1 1.2 0.692 120 [79]
Carbon nanofiber 186 89 86 1.2 1.91 90 [102]
CNT 129.2–359.6 5000 95 1 60 [75]
Graphene/mesoporous carbon 685.2 89.5 90 2 0.73, 65 [91]
Graphene/mesoporous
carbon spheres
400.4 68.5 80 1.6 2.3 120 [92]
Graphene 384.4 25 88.96 1.2 6.18 90 [89]
Graphene 339 105 65 1.6 2.9 60 [90]
Graphene 220 60 84 1.6 2.256 90 [87]
Three-dimensional
hierarchical porous carbon
1036.8 30 92.36 2 2.16 80 [104]
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Fig. 6 a Generalized composition of PANI indicating the reduced and oxidized repeat units. b Completely reduced polymer. c Half-oxidized
polymer. d Fully oxidized polymer [126]
Fig. 7 Scheme of proton doping in PANI [127]
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The induction step is reaction. It is observed in ex-
periment that adding aniline dimer accelerates the
polymerization significantly [142]. Temperature is an
important factor in the aniline polymerization as a low
temperature is beneficial for producing high crystalline
PANI [143].
Morphology Controlling in Chemical Polymerization
Parameters as type of oxidant, acid concentration, reaction
temperature and stirring pattern all affect the structure of
final polymer. PANI with granular [144], nanotubes/nano-
wire [145–147], spheres [148, 149] and nanodiscs [150]
morphology has been reported depending on the ex-
perimental conditions.
The granular morphology is the most typical form of
PANI prepared in acidic aqueous media (see Fig. 9a).
This morphology usually forms in high acidic concentra-
tion (pH <2.5) and intense monomer concentration
(>0.1 mol/L) with a strong oxidant, in which condition
the polymer chains grow before the phenazine nucleates
organization. So the nucleates packed in random to form
globular structure instead of the more organized nano-
tubes [151]. Nanotubes (Fig. 9b) and nanowires of PANI
can be self-assembled directly by polymerization. The
methods include diluted monomer [152, 153], weak acid
dopant [154–156], interfacial polymerization [157, 158]
and rapid mixing [159]. In these conditions, as for the
low reactant concentration or low radical cation concen-
tration the growth rate of the backbone is low, the phen-
azine nucleates are able to stack in ordered cylindrical
pattern, producing nanotubes and nanowires. Redox
potential of the oxidant is related to the diameter of the
grown nanotubes; it was found that the diameter
increased with increasing oxidant redox potential [160].
Higher H+/aniline ratio result in highly ordered smooth
nanotubes with similar diameter [161, 162]. Increase
of acid concentration leads to the increase in average
diameter of the resultant nanofiber [159].
The ratio of APS to aniline is of importance to the fine
surface of nanofibers. Lower APS gives a longer and less
branched structure with smaller average diameter [161].
Hollow or filled spherical structures are mostly obtained
by emulsion polymerization. In emulsion polymerization,
the reaction media composed of oil and water phase. By
adding stabilizer and applying appropriate dispersing
technique, one phase forms droplets and surrounded by
the other phase: oil in water in direct emulsion and
water in oil in inverse emulsion. Size of the droplets can
be tuned through selection of stabilizer, the ratio of
water to oil and the reaction temperature [163].
The two-dimensional disc or plate morphology was also
synthesized in acidic aqueous solution with APS as oxi-
dant. The nanodiscs or nanoplates were found to have
similar structure in which the nanowires packed together
in perpendicular directions to constitute a spiny surface
[164]. At high monomer concentration, the dense struc-
ture of plat is formed. Controlling the morphology of
PANI can also be achieved by seeding polymerization and
template synthesis. PANI powder and nanofibres were
used as seeds. Nanostructures present during the very
early stages of the reaction can orchestrate bulk formation
Fig. 8 Chemical polymerization of PANI [141]
Fig. 9 Polyaniline with different morphology (a granular b nanotubes) [156]
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of similar nanostructures. The seeding polymerization is
rapid and suitable for bulk quantities production [165].
The synthesized polyaniline nanofibers were found to be
high in capacitance. Template synthesis include hard
template (i.e. zeolite) and soft template (i.e. water soluble
polymers [166], gels [167] and liquid crystalline polymers
[168]). In hard template method, the polyaniline grows at
the surface of the nanostructured template directly. In soft
template, the template forms micelles or guides the
polymerization through hydrogen bonding force or
electrostatic force [169].
PANI as Electrode Material
The electrochemical oxidation and reduction of conducting
polymers involves take up and give off ions to maintain
electro-neutrality of the material. PANI has three redox
peaks which results in large ion capacitance during the ion
insertion process and is also attractive with good stability,
easy preparation low cost and good conductivity. Since
mid-1980s, MacDiarmid and his group demonstrated the
inter conversion of its three oxidation states; PANI has been
regarded as one of the most promising material for the
preparation of rechargeable battery because of this high
specific capacitance [121, 128, 170]. In order to use PANI
as electrode material in electrochemical battery, intensive
research was conducted since 1990s [125, 171, 172].
At first, PANI was electrically synthesized or chemically
deposited onto the surface of various substrates, platinum
[171, 173], Indium tin oxide [174, 175], graphite [176], etc.
The modified electrode showed large redox capacitance.
Realizing the porosity and internal microstructure of the
electrode material plays a crucial role in ion taking
rate as well as capacitance; researchers have been fo-
cused on fine structured nano-scope PANI to achieve
better property. Several synthetic methods were re-
ported to produce PANI powder [177], nanofibers
[137, 146, 152, 153, 160, 178, 179], nanowires [180–184]
and nanotubes [133, 147, 156, 185] to exploit high rate
and large capacitance.
To optimize the performance of PANI, two approaches
were useful. One is to increase specific surface and the
other is to enhance electrochemical activity. By producing
PANI nanowires, nanofiber and nanotubes specific surface
area of PANI increased dramatically. The other is to com-
bine PANI with other materials with high specific capaci-
tance. PANI was combined with polypyrrole nanotubes
[186] and nafion nanofibers [187]. It was also combined
with electrochemical active metal oxides materials such as
MnO2 [188, 189], TiO2 [190, 191], SnO2 [192] and
MnWO4 [193], for instance. In the meanwhile, combining
PANI with large surface materials such as silicon [194],
sodium alginate [195], porous carbon, CNT and graphene
also proved to be effective approach in increasing the
surface area and eventually the capacitance of PANI.
PANI combined with porous carbon to increase the
capacitance of carbon and improve the stability of PANI
was studied by Chen et al. [196] as electrode material
for supercapacitor. With PANI electrochemically depos-
ited onto the surface of porous carbon electrode, the
specific capacitance was enhanced and significant contri-
bution of pseudo-capacitance was confirmed. Following
the approach, PANI was also combined with various
carbon material including porous carbon [197], activated
carbon powder [198–200], hollow carbon sphere [201],
carbon nanofiber [119, 202] reticulated vitreous carbon
[203], calcium carbide derived carbon [204], macropor-
ous carbon [205], mesoporous carbon [206–208] and
carbon cloth [209, 210] and carbon black [211]. PANI
and activated carbon powder composites were reported
have improved capacitance performance compared to
bare carbon electrode. PANI-deposited carbon nanofiber
electrode was reported to possess high reversibility good
stability as well as high specific capacitance. Carbon
black acted as cores to form core-shell structures with
PANI shell covered uniformly on the surface in which
carbon black was considered to be a good component to
improve electrical conductivity of the electrode material
efficiently. Although incorporating with ordered ma-
croporous carbon resulted in relatively lower specific
surface, the PANI composite-based electrode showed
high capacitance as good rate capability. The composites
of PANI with reticulated vitreous carbon and calcium
carbide derived carbon as well as carbon cloth also
showed higher specific capacitance than the carbon
substrates and good cycle stability. Mesoporous carbon
and PANI composites were synthesized though in situ
chemical polymerization, the resultant materials were
studied and reported to have higher specific capacitance
and good reversibility. Furthermore, MnO2 was intro-
duced in the PANI/mesoporous carbon composite. The
authors concluded that MnO2 nanoparticles involved in
the material stabilized the interaction between quinoid
ring of PANI and OMC/MnO2 particles thereby lead to
enhance specific capacitance and good cycling stability.
The combination of PANI with carbon nanotubes
has drawn great attention since the last decade. Com-
posites of PANI and both SWCNT and MWCNT
have been synthesized, and their properties were char-
acterized as electrode materials for supercapacitor.
The structural characterization of CNT/PANI com-
posites showed that CNTs were linked up by PANI
chains, forming a network structure with new con-
ductive passage and higher conductivity. The strong
conjugating interaction between the two components
provided fast charge transfer reaction between the
two [212, 213]. Capacity tests also showed the com-
posites possessed enhanced specific capacitance. Most
of the researchers adopted electrochemical method to
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obtain CNT/PANI composites as morphology control-
ling of the composites is convenient in electrochem-
ical polymerization. Zhu et al. [214] fabricated PANI/
WMCNT composites by electrochemical approach
and found that the specific capacitance of the composites
was significantly influenced by its morphological structure
and the content of PANI. At the lower, content of PANI
was glossily coated onto the tube surface, and the diam-
eter of the composites increased with the increasing PANI
content. When the content of PANI reached 76.4 %, the
PANI layer became rough and further increasing of PANI
content leaded to independently grown PANI nanorods. A
maximum specific capacitance of 521.2 F/g when weight
percent of PANI was 76.4 % was reported. In accordance,
Gupa et al. [215] also reported morphology of electrochem-
ically synthesized PANI/SWCNT composites varied with
the content of PANI deposited. As the weight percent of
PANI below 70–75 %, the deposited PANI wrapped onto
the surface of SWCNT. Beyond the amount, PANI tended
to grow independently around the surface or into the
micropores. Zhang et al. [216, 217] electrochemically de-
posited PANI onto the surface of carbon nanotube array in
which the nanotube array framework provided large surface
area and superconductivity leading to extraordinary energy
storage performance. The authors found morphologies of
composites were of great importance in improving their
performance. Introduction of PANI turned the macro/
mesopores of the CNT array into smaller meso/micropores
providing higher specific surface area and maintaining
regular channels of the material.
In situ chemical polymerization is another well-studied
choice to synthesize PANI/CNT composites [218, 219].
Choi et al. [220] chemically synthesize PANI/MWCNT
composite in which the surface of MWCNT had been
thickly decorated by PANI forming covalent attachment.
King et al. [221] investigated the influence of carbon nano-
tube characteristic on the morphology and properties of
the chemically synthesized nanohybrids. It was found that
despite aniline monomers themselves could result in nano-
fibrous structures, CNTs were the dominant templates in
the polymerization. However, a less ordered and thinner
polyaniline coating was observed at the unoxidized CNTs
due to the worse water solubility and weaker hydrogen
bonding effects with aniline monomers. By comparing the
effects of SWCNT and MWCNT, they found that
MWCNT-containing composites was less conducting that
the SWCNT-based series and composites based on
oxidized CNTs were less conducting than that containing
unoxidized ones. More recently, Fan et al. [222] reported
chemically synthesized carpenterworm-like PANI/CNT
nanocomposites in which MWCNTs were covered by
interlace PANI nanoprotuberances. They ascribed the
formation of the interesting morphology to the introduc-
tion of ethanol in the polymerization solution.
Microwave assisted synthesis [223], liquid-liquid inter-
facial polymerization [224] and a solid-sate synthesis
[225] were reported to obtain PANI/CNT composites. In
the former two synthetic methods, PANI coated to the
surface of CNTs displaying core-shell structures. In solid
state synthesis, the composite containing 16 % MWCNT
was aggregated particles in morphology while the result-
ant containing 32 % MWCNT showed some nanofiber
morphology. Combination of PANI/CNT and transition
metal oxidize MnO2 was also studied to further improve
the capacitance performance [226, 227].
Dong et al. [228] studied electrochemical performance
of PANI/MWCNTcomposites in neutral aqueous solution
and found that the composites showed higher specific
capacitance than pure PANI. Infrared spectroscopy studies
have shown that introduction of CNTs affected both the
free N–H environment and quinoid units in PANI back-
bones indicating doping effect of CNTs [130]. Zhou et al.’s
[131] study revealed that mixture of SWCNT and PANI
processed good electrochemical activity in neutral and
alkaline media. The authors concluded that fast electron
transfer property and high stability of the mixture in
neutral and alkaline media were due to effective doping of
PANI by SWCNT.
More recently, due to arising of different methods of
graphene preparation, the unique electrical property of gra-
phene and promising electrochemical characteristics of
PANI, combination of the two draw great attention. Studies
in the field covered both the combination of graphene
oxide and graphene with PANI. Methods of fabrication
included in situ polymerization of aniline [229–232], filtra-
tion of the mixed dispersion [233, 234] and grafting PANI
nanofibers to the edge of graphene sheets [235, 236] as well
as layer-by-layer self-assemble method [237]. Further stud-
ies use functionalized graphene to composite with PANI in
order to obtain higher capacitance. Li et al. [229] synthe-
sized sandwich-like graphene/PANI composite in which
PANI particles covered homogeneously on the surface of
the graphene sheets at lower aniline ratio. Increasing the
aniline ratio leaded to larger particle size of the deposited
PANI. When the aniline ratio exceeded 12:1, fibrous PANI
grew simultaneously with the sandwich composite. In situ
polymerization can also produce graphene/PANI nanofiber
composite in which nanofibers stick paralleled onto gra-
phene sheets [231]. PANI was reported to anchor onto
partially reduced graphene sheets and form a loose flower-
like structure that extended the specific surface area of the
material [238]. Polymerization of PANI in the presence of
graphene oxide could result in the direct exfoliation of GO.
PANI grew into layered GO causing peeling of the GO
layers forming a single-layered GO/PANI nanosheet
with folded edge [239]. Wu et al. [234] developed
supercapacitor based on paper-like flexible graphene/
PANI nanofiber composite films. The films obtained by
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filtrating mixed dispersions of graphene nanosheets and
PANI nanofibers showing high flexibility that could be
bent into large angles. By directly filtration of an in situ
polymerized, a mixture of PANI and GO and a mixture
of reduced GO, Yan et al. [233] obtained flexible com-
posites paper and found that compactable small parti-
cles were formed on the GO sheets while nanorods and
large particles were formed on the reduced GO sub-
strate. The authors assumed that nanorods came from
the individual PANI fibres formed in the aqueous
phase, but why PANI fibres adsorbed onto graphene
not GO was not explained. A comparison study on surface
functionalities of GO with N and NH2 groups was carried
out by Lai et al. [240]. It was found NH2-functionalized
GO/PANI (NH2-GO/PANI) showed high conductive
stable composite. Interestingly, an increase in capacitance
was observed for NH2-GO/PANI composite. The authors
suspected that the amine functional groups assisted the
doping and dedoping in PANI causing the enhancement
of capacitance in long cycles. Others [235, 236] tried graft-
ing PANI nanofibers to the edge of graphene sheets
through an amide-connecting system. The PANI nanofi-
ber connected to the graphene intimately and distributed
homogeneously along of graphene layers inhabiting the
agglomeration of the layers. Computing of the electronic
densities of the system showed that π-π conjugation was
extended from graphene to PANI chains through the
amide group. O=C–N group also played as electron bridge
spreading the electrons along the conjugation system. The
conjugation system facilitated the fast transfer of electron.
Multilayered PANI/GO films could be built up on top
of silica or ITO (indium tin oxide) glass through layer-
by-layer self-assemble. Specifically, the substrate was
immersed alternatively into the positive-charged PANI
solution and the negative-charged GO dispersion form-
ing compact stacked bilayers, and the GO could be re-
duced into graphene resulting in graphene/PANI films.
More importantly, the graphene/PANI films demon-
strated good electrical conductivity and high volumetric
capacitance even in a neutral Na2SO4 electrolyte [237].
Dong et al. [241, 242] grew 3D graphene on the
substrate of nickel foams and chemically synthesized
PANI onto the surface of the 3D feature obtaining porous
graphene/PANI composite which exhibited high specific
capacitance and good cycling stability. A controlled
morphology of hierarchical PANI nanowire arrays grown
on the plane of GO nanosheets was obtained by Xu et al.
[182]. The authors suspected the oxygen functional
groups on the plane of the GO sheets acted as anchor sites
and enabled the attaching of PANI nanowires on the
surface of GO. The π-π stacking force was also
considered to be the beneficial factor that promoted the
initial nuclei of PANI on the GO sheets. Later, Li et al.
[243] synthesized oriented PANI arrays on expended
graphite sheets. The morphology of the composites
could be adjusted by varying the ratio of expended
graphite sheets and aniline monomer. These methods
demonstrated morphology engineering at the nano-
scale level, producing convenient approaches for fabri-
cating conducting polymer composite material with
designed morphology.
In various GO or graphene and PANI composites, the
capacitance were greatly improve by introducing PANI
along with high cycling stability due to the synergistic
effect between the two components (Table 2). The close
contact of graphene sheets and PANI backbone allows
strong conjugation interaction between the two that
promotes fast charge transfer resulting in improved
electrochemical properties. Also, the fast charge transfer
prevents the charge accumulation of electrons produced
by faradic reaction of PANI thus decelerating structure
conformation of PANI during electrochemical reaction
which eventually benefit to good cycling stability. More-
over, with careful engineering, PANI could modify pore
structure of graphene by acting as a spacer to stop layer
restack to produce favourable pores facilitating the trans-
fer of ions within the electrolyte.Composites based on
graphene/CNT/PANI were synthesized and studied as
electrode material for supercapacitors. The composite
showed high specific capacitance comparable to or even
better than that of graphene/PANI composites [244].
More importantly, the graphene/CNT/PANI showed a
super high cycling retention of 96 % after 5000 cycles
[245].
Conclusions
CDI is a novel ion removal technology that uses static
electrical force to drive ions to the charged electrode
and stores the ions into porous structure of the elec-
trode. Developing more efficient electrode materials is
the key to improving salt removal performance. The
current work reviewed up-to-date progress on electrode
fabrication in application of CDI. Fundamental principal
(e.g. EDL theory and adsorption isotherms) and process
factors (e.g. pore distribution, potential, salt type and
concentration) of CDI performance were presented first.
It was then followed by in-depth discussion and com-
parison on properties and fabrication technique of differ-
ent electrodes, including carbon aerogel, activated
carbon, carbon nanotubes, graphene and ordered meso-
porous carbon. Novel nanomaterials such as graphene
and CNTs have been drawing increased attention in this
field with their extremely high specific surface area and
super electrical properties. However, research in the use
of CNT and graphene as CDI electrodes is still in its
infancy, and initial milestones such as large scale of
synthesis and fabrication of high surface area graphene
and CNT CDI electrodes have not been reached yet.
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Table 2 Capacitance performances of PANI and PANI composites
Electrode materials Synthetic methods Specific capacitance (F/
g)
Capacitance retention Test electrolyte Published
year
Ref
PANI powder Chemical polymerization 107 79 % after 9000 cycles 1 M EtNBF4 2002 [177]
PANI nanowires Electropolymerization 775 91 % after 1000 cycles 1 M H2SO4 2006 [246]
PANI nanofibers Chemical polymerization 428 – 1 M H2SO4 2008 [179]
PANI nanowires Electropolymerization 700 at 5 A/g – 1 M H2SO4 2008 [180]
PANI nanowires Electropolymerization 1142 at 5 A/g 95 % after 500 cycles 2 M H2SO4 2008 [170]
PANI nanofibers Electropolymerization 480 at 5 mV/cm2 – 1 M KCl and 10-3 M
HCl
2009 [247]
PANI nanobelts Electropolymerization 873 96 % after 500 cycles 1 M H2SO4 2010 [248]
PANI nanofibers Electropolymerization 839 95 % after 500 cycles 1 M H2SO4 2010 [249]
PANI nanowires Electropolymerization 950 at 1 A/g 80 % after 500 cycles 1 M HClO4, 1 M LiTFSI 2010 [181]
Nanostructured PANI Chemical bath deposition 503 – 1 M H2SO4 2011 [250]
PANI nanowires Electropolymerization 882 95 % after 500 cycles 0.5 M H2SO4 2013 [183]
Polypyrrole/PANI In situ polymerization 416 – 1 M H2SO4 2008 [186]
Nafion/PANI Solution cast 235 84 % after 10000 cycles 1 M H2SO4 2010 [187]
MnO2/PANI Static adsorption 330 at 1 A/g 94 % after 1000 cycles 0.1 M Na2SO4 2007 [188]
MnO2/PANI In situ polymerization 510 at 1 A/g – 0.5 M Na2SO4 2010 [189]
TiO2/PANI In situ polymerization 330 at 1.5 A/g 122 % after 3000 cycles
and 92 % after 10000 cycles
1 M H2SO4 2009 [190]
TiO2/PANI In situ polymerization 784 – 0.5 M H2SO4 2012 [191]
SnO2/PANI In situ polymerization 325 at 30 A/g – 1 M H2SO4 2012 [192]
MnWO4/PANI In situ polymerization 481 at 18 A/g – 1 M H2SO4 2012 [193]
Silicon/PANI Electropolymerization 470 at 5 mV/cm2 78 % after 700 cycles 0.5 M H2SO4 2010 [194]
Sodium alginate In situ polymerization 2093 74 % after 1000 cycles 1 M H2SO4 2011 [195]
Porous carbon/PANI Electropolymerization 180 90 % after 1000 cycles 1 M H2SO4 2003 [196]
Activated carbon/PANI Electropolymerization 270 – 1 M H2SO4 2004 [198]
Activated carbon/PANI Electropolymerization 587 – 0.5 M H2SO4 2008 [199]
Activated carbon/PANI In situ polymerization 956 – 6 M KOH 2011 [200]
Hollow carbon sphere In situ polymerization 525 at 0.1 A/g 73 % after 1000 cycles 2 M H2SO4 2010 [201]
Carbon nanofiber/PANI Vapour deposition polymerization 264 – 1 M H2SO4 2005 [119]
Carbon nanofiber/PANI In situ polymerization 638 at 2 A/g 91 % after 1000 cycles 1 M H2SO4 2011 [202]
Calcium carbide-derived carbon/
PANI
In situ polymerization 713 80 % after 1000 cycles 1 M H2SO4 2010 [204]
Mesoporous carbon/PANI In situ polymerization 87.4 at 5 mA/cm2 90 % after 1000 cycles 1 M H2SO4 2010 [206]
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Table 2 Capacitance performances of PANI and PANI composites (Continued)
OMC/PANI In situ polymerization 409 at 0.1 A/g – 30 wt.% KOH 2011 [207]
OMC/PANI In situ polymerization 400 at 1 A/g 80 % after 1000 cycles 6 M KOH 2011 [208]
Carboncloth/PANI Electropolymerization 673 – 1 M H2SO4 2011 [210]
Carboncloth/PANI Electropolymerization 408 at 1 A/g 30 % after 1000 cycles 0.5 M Na2SO4 2012 [209]
Carbon black/PANI layer-by-layer assembly 532 at 10 mA/cm2 – 1 M H2SO4 2013 [211]
PANI/mesoporous carbon/MnO2 In situ polymerization 695 1 A/g 88 % after 1000 cycles 1 M H2SO4 2012 [251]
Carbonized PANI nanotubes Chemical polymerization and
carbonization
165 at 0.1 A/g – 30 wt.% KOH 2010 [252]
SWCNT/PANI In situ polymerization 191 at 0.25 A/g – 1 M NaNO3 2004 [219]
SWCNT/PANI Electropolymerization 463 at 10 mA/cm2 95 % after 500 cycles 1 M H2SO4 2006 [215]
CNT/PANI In situ polymerization 350 at 1 A/g 92 % after 1000 cycles 0.5 M H2SO4 2010 [253,
254]
SWCNT/PANI Electropolymerization 1000 – 0.5 M H2SO4 2011 [255]
MWCNT/PANI Chemical vapour deposition 328 at 5 mA/cm2 94 % after 1000 cycles 1 M NaNO3 2007 [228]
MWCNT/PANI In situ polymerization 322 at 1 mA/cm2 – 1 M H2SO4 2007 [223]
MWCNT/PANI In situ polymerization 606 at 1 A/g 64 % after 1000 cycles 1 M H2SO4 2007 [256]
CNT array/PANI Electropolymerization 1030 at 5.9 A/g >94 % after 5000 cycles 1 M H2SO4 2008 [202]
MWCNT/PANI Electropolymerization 500 at 5 mA/cm2 68 % after 1000 cycles 0.5 M H2SO4 2009 [257]
MWCNT/PANI In situ polymerization 238 at 0.25 A/g – 1 M H2SO4 2010 [258]
MWCNT/PANI In situ polymerization 560 71 % after 1000 cycles 0.1 M H2SO4 2010 [213]
MWCNT/PANI Solid-state polymerization 522 at 3 mA/cm2 – 1 M H2SO4 2011 [225]
MWCNT/PANI In situ polymerization 250 83 % after 100 cycles 0.1 M H2SO4 2011 [220]
CNT/PANI In situ polymerization 440 at 1 A/g 96 % after 1000 cycles 1 M H2SO4 2012 [259]
MWCNT/Sulphur/PANI In situ polymerization 1334 mAh/g 70 % after 80 cycles 1 M LiTFSI in
DOL:DME (1:1, v/v)
2011 [218]
MWCNT/PANI/MnO2 In situ polymerization 330 77 % after 1000 cycles 0.5 M Na2NO3 2011 [227]
GO/PANI In situ polymerization 746 at 0.2 A/g 73 % after 500 cycles 1 M H2SO4 2010 [260]
GO/PANI nanoarrays In situ polymerization 555 at 0.2 A/g 92 % after 1000 cycles 1 M H2SO4 2010 [182]
Partially reduced GO/PANI In situ polymerization 330 at 5 mA/cm2 ~87 % after 1000 cycles 1 M H2SO4 2013 [238]
Graphene/PANI In situ polymerization 408 84 % after 40 cycles 1 M H2SO4 2009 [232]
Graphene/PANI Electropolymerization 233 Slightly increase with
longer cycles
1 M H2SO4 2009 [261]
Graphene/PANI nanofiber In situ polymerization 480 at 0.1 A/g – 2 M H2SO4 2010 [262]
GO/PANI In situ polymerization 320 at 0.1 A/g 67 % after 5 cycles
Graphene/PANI In situ polymerization 1126 84 % after 1000 cycles 1 M H2SO4 2010 [263]
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Table 2 Capacitance performances of PANI and PANI composites (Continued)
Graphene/PANI In situ polymerization 1046 at 1 mV/s 67 % after 1000 cycles 6 M KOH 2010 [245]
Graphene/PANI In situ polymerization 489 at 0.4 A/g >96 % after 500 cycles 1 M H2SO4 2010 [233]
GO/PANI 366 at 0.4 A/g –
Graphene/PANI In situ polymerization 450 ~90 % after 1000 cycles 1 M H2SO4 2011 [264]
Graphene/PANI Adsorption 301 0.5 A/g 67 % after 1000 cycles 1 M H2SO4 2011 [265]
Graphene/PANI In situ polymerization 699 92.8 % after 1000 cycles 1 M H2SO4 2012 [229]
Graphene/PANI In situ polymerization 846 79.4 % after 1000 cycles
Graphene /PANI nanofiber In situ polymerization 526 at 0.2 A/g – 2 M H2SO4 2012 [266]
Functionalized graphene/PANI In situ polymerization 355 at 10 A/g – 1 M H2SO4 2011 [267]
Graphene/PANI In situ polymerization 1130 87 % after 1000 cycles 1 M H2SO4 2011 [231]
NH2-RGO/PANI In situ polymerization 500 119 % after 680 cycles and then
decrease
1 M H2SO4 2012 [240]
Graphene/PANI In situ polymerization 361 at 0.3 A/g ~82 % after 1000 cycles – 2012 [264,
268]
Graphene/PANI In situ polymerization 250 – 1 M H2SO4 2012 [230]
Graphene/PANI nanofiber Filtration 210 at 0.3 A/g 71 % after 800 cycles 1 M H2SO4 2010 [234]
Graphene/PANI nanofiber Nanofiber grafting 623 at 0.3 A/g 82 % after uncertain cycles 2 M H2SO4 2012 [235]
Graphene/PANI nanofiber Nanofiber grafting 580 at 0.3 A/g 96 % after 200 cycles 2 M H2SO4 2012 [236]
Graphene/PANI Layer-by-layer assembled films 584 F/cm3 at 3 A/cm3 ~56 % after 1000 cycles 1 M Na2SO4 2012 [237]
Graphene/PANI oriented arrays In situ polymerization 1665 at 1 A/g 97 % after 2000 cycles 1 M H2SO4 2013 [243]
3D graphene/PANI In situ polymerization 346 at 4 A/g 71 % after 120 cycles 1 M H2SO4 2012 [241]
Graphene/PANI/CNT In situ polymerization 1035 94 % after 1000 cycles 6 M KOH 2010 [245]
Graphene/PANI/CNT Vacuum filtration 569 at 0.1 A/g 96 % after 5000 cycles 1 M HCl 2011 [244]
GO/activated carbon cloth/PANI Electropolymerization 369 at 50 mA/g 80 % after 1000 cycles 1 M H2SO4 2012 [269]
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Although CDI and MCDI have shown practicality and
cost-effectiveness in brackish water treatment, only few
semi-pilot scale demonstration of the CDI or MCDI
has been performed so far and no complete pilot scale
demonstration has been performed yet [270–272], not to
mention demonstrations of graphene and CNT-based
CDI systems. Full-scale CDI design with enhanced en-
ergy efficiency will be the focus of future endeavour in
this area. Finally, it is noteworthy that PANI as conduct-
ive polymer has great potential in the CDI application as
electrode-enhancing materials. It is envisaged that large-
scale PANI-assisted CDI electrode fabrication can be
plausible due to its low cost, mechanical flexibility and
good electrical properties.
Competing Interests
The authors declare that they have no competing interests.
Authors’ Contributions
All authors contributed equally during the preparation of this manuscript.
All authors read and approved the final manuscript.
Acknowledgements
Dr Wei Zhang would like to thank Japan Society for Promotion of Science
(JSPS) for his tenured fellowship (P15712).
Author details
1School of Materials Science and Engineering, Changzhou University,
Changzhou, Jiangsu 213164, China. 2Centre for Water Management and
Reuse, University of South Australia, Mawson Lakes, South Australia 5095,
Australia. 3Research Centre for Water Environment Technology, Department
of Urban Engineering, University of Tokyo, Tokyo 113-0033, Japan.
Received: 4 November 2015 Accepted: 26 January 2016
References
1. Caudle DD (1966) Electrochemical demineralization of water with carbon
electrodes. U.S. Dept. of the Interior, Washington, p 188, Research and
development progress report
2. Johnson AM, Venolia AW, Wilbourne RG, Newman J (1970) The electrosorb
process for desalting water. U.S. Dept. of the Interior, Washington, p 516,
Research and development progress report
3. Johnson AM, Newman J (1971) Desalting by means of porous carbon
electrodes. J Electrochem Soc 118(3):510–517
4. Johnson AM, Venolia AW, Newman J, Wilbourne RG, Wong CM, Gillam WS
(1970) Electrosorb process for desalting water, Office of Saline Water
Research and Development. Progress Report No 516.
5. Bockris JOM, Reddy AKN, Modern Electrochemistry 2B: Electrodics in
Chemistry, Engineering, Biology and Environmental Science. 2nd ed.,
Revised: Kluwer Academic Publishers 2000.
6. Biesheuvel PM (2009) Thermodynamic cycle analysis for capacitive
deionization. J Colloid Interface Sci 332(1):258–264
7. Biesheuvel PM, van Limpt B, van der Wal A (2009) Dynamic adsorption/
desorption process model for capacitive deionization. J Phys Chem C
113(14):5636–5640
8. Zhao R, Biesheuvel PM, Miedema H, Bruning H, van der Wal A (2010)
Charge efficiency: a functional tool to probe the double-layer structure
inside of porous electrodes and application in the modeling of capacitive
deionization. J Phys Chem Lett 1(1):205–210
9. Avraham E, Bouhadana Y, Soffer A, Aurbach D (2009) Limitation of charge
efficiency in capacitive deionization I: on the behavior of single activated
carbon. J Electrochem Soc 156(6):95–99
10. Avraham E, Noked M, Bouhadana Y, Soffer A, Aurbach D (2010) Limitations
of charge efficiency in capacitive deionization processes III: the behavior of
surface oxidized activated carbon electrodes. Electrochim Acta 56(1):441–447
11. Noked M, Avraham E, Soffer A, Aurbach D (2009) The rate-determining step
of electroadsorption processes into nanoporous carbon electrodes related
to water desalination. J Phys Chem C 113(51):21319–21327
12. Jayson GG, Sangster JA, Thompson G, Wilkinson MC (1987) Adsorption and
electrosorption of mercury(II) acetate onto activated charcoal cloth from
aqueous solution. Carbon 25(4):523–531
13. Gabelich CJ, Tran TD, Suffet IHM (2002) Electrosorption of inorganic
salts from aqueous solution using carbon aerogels. Environ Sci
Technol 36(13):3010–3019
14. Li H, Pan L, Lu T, Zhan Y, Nie C, Sun Z (2011) A comparative study on
electrosorptivebehavior of carbon nanotubes and graphene for capacitive
deionization. J Electroanal Chem 653(1-2):40–44
15. Li H, Pan L, Zhang Y, Zou L, Sun C, Zhan Y (2010) Kinetics and
thermodynamics study for electrosorption of NaCl onto carbon nanotubes
and carbon nanofibers electrodes. Chem Phys Lett 485(1-3):161–166
16. Li H, Zou L, Pan L, Sun Z (2010) Using graphene nano-flakes as electrodes to
remove ferric ions by capacitive deionization. Sep Purif Technol 75(1):8–14
17. Li H, Zou L, Pan L, Sun Z (2010) Novel graphene-like electrodes for
capacitive deionization. Environ Sci Technol 44(22):8692–8697
18. Ban A, Schafer A, Wendt H (1998) Fundamentals of electrosorption on
activated carbon for wastewater treatment of industrial effluents. J Appl
Electrochem 28(3):227–236
19. Gabelich CJ, Green JF, Duin SJ, Suffet IH, Tran TD (1999) Capacitive
deionization with carbon aerogels: the effects of operational parameters on
system performance, Proc. - Water Qual. Technol. Conf. 1316-1327.
20. Yang K-L, Ying T-Y, Yiacoumi S, Tsouris C, Vittoratos ES (2001)
Electrosorption of ions from aqueous solutions by carbon aerogel: an
electrical double-layer model. Langmuir 17(6):1961–1969
21. Morishita T, Soneda Y, Tsumura T, Inagaki M (2006) Preparation of porous
carbons from thermoplastic precursors and their performance for electric
double layer capacitors. Carbon 44:2360–2367
22. Kim YS, Guo XF, Kim GJ (2010) Synthesis of carbon monolith with bimodal
meso/macroscopic pore structure and its application in asymmetric
catalysis. Catal Today 150:91–99
23. Rolison DR (2003) Catalytic nanoarchitectures—the importance of nothing
and the unimportance of periodicity. Science 299:1698–1701
24. Peng Z, Zhang D, Shi L, Yan T, Yuan S, Li H (2011) Comparative
electroadsorption study of mesoporous carbon electrodes with various pore
structures. J Phys Chem C 115(34):17068–17076
25. Farmer JC, Fix DV, Mack GV, Pekala RW, Poco JF (1995) Capacitive
deionization of water: an innovative new process. Proc. - 5th International
Conference on Radioactive Waste Management
and Environmental Remediation 1215-1220.
26. Farmer JC, Fix DV, Mack GV, Pekala RW, Poco JF (1996) Capacitive
deionization of NH4ClO4 solutions with carbon aerogel electrodes.
J Appl Electrochem 26(10):1007–1018
27. Lee JH, Bae WS, Choi JH (2010) Electrode reactions and adsorption/
desorption performance related to the applied potential in a capacitive
deionization process. Desalination 258(1-3):159–163
28. Seo S-J, Jeon H, Lee JK, Kim G-Y, Park D, Nojima H (2010) Investigation on
removal of hardness ions by capacitive deionization (CDI) for water
softening applications. Water Res 44(7):2267–2275
29. Noked M, Avraham E, Soffer A, Aurbach D (2010) Assessing the concentration
effect on hydration radii in aqueous solutions by electroadsorption on a
carbon molecular sieve electrode. J Phys Chem C 114(31):13354–13361
30. Bansal RC (2005) Activated carbon adsorption. Taylor & Francis/CRC Press,
Boca Raton
31. Teng H, Yeh T-S, Hsu LY (1998) Preparation of activated carbon from
bituminous coal with phosphoric acid activation. Carbon 36(9):1387–1395
32. Murphy GW, Cooper JL, United S, University of O (1969) Activated carbon
used as electrodes in electrochemical demineralization of saline water. U.S.
Dept. of the Interior, Washington, D.C
33. Zou L, Morris G, Qi D (2008) Using activated carbon electrode in
electrosorptive deionisation of brackish water. Desalination 225(1-3):329–340
34. Mossad M, Zou L (2012) A study of the capacitive deionisation performance
under various operational conditions. J Hazard Mater 213–214:491–497
35. Lee JB, Park KK, Yoon SW, Park PY, Park KI, Lee CW (2009) Desalination performance
of a carbon-based composite electrode. Desalination 237(1-3):155–161
36. Choi JH (2010) Fabrication of a carbon electrode using activated carbon
powder and application to the capacitive deionization process. Sep Purif
Technol 70(3):362–366
Jia and Zhang Nanoscale Research Letters  (2016) 11:64 Page 20 of 25
37. Lim JA, Park NS, Park JS, Choi JH (2009) Fabrication and characterization
of a porous carbon electrode for desalination of brackish water.
Desalination 238(1-3):37–42
38. Chang L, Yu Y, Duan X, Liu W (2012) Capacitive deionization performance
of activated carbon electrodes prepared by a novel liquid binder. Sep Sci
Technol 48(2):359–365
39. Hou CH, Huang JF, Lin HR, Wang BY (2012) Preparation of activated
carbon sheet electrode assisted electrosorption process. J Taiwan Inst
Chem Eng 43(3):473–479
40. Kim Y-J, Hur J, Bae W, Choi JH (2010) Desalination of brackish water
containing oil compound by capacitive deionization process.
Desalination 253(1-3):119–123
41. Bouhadana Y, Avraham E, Soffer A, Aurbach D (2010) Several basic and
practical aspects related to electrochemical deionization of water.
AIChE J 56(3):779–789
42. Bouhadana Y, Ben-Tzion M, Soffer A, Aurbach D (2011) A control
system for operating and investigating reactors: the demonstration of
parasitic reactions in the water desalination by capacitive de-ionization.
Desalination 268(1-3):253–261
43. Avraham E, Noked M, Bouhadana Y, Soffer A, Aurbach D (2009) Limitations of
charge efficiency in capacitive deionization II. On the behavior of CDI cells
comprising two activated carbon electrodes, J Electrochem Soc 156(10):157-61.
44. Kim J-S, Choi J-H (2010) Fabrication and characterization of a carbon
electrode coated with cation-exchange polymer for the membrane
capacitive deionization applications. J Membr Sci 355(1-2):85–90
45. Park BH, Choi JH (2010) Improvement in the capacitance of a carbon
electrode prepared using water-soluble polymer binder for a capacitive
deionization application. Electrochim Acta 55(8):2888–2893
46. Yang J, Zou L, Song H, Hao Z (2011) Development of novel MnO2/
nanoporous carbon composite electrodes in capacitive deionization
technology. Desalination 276(1-3):199–206
47. Chang LM, Duan XY, Liu W (2011) Preparation and electrosorption
desalination performance of activated carbon electrode with titania.
Desalination 270(1-3):285–290
48. Li H, Pan L, Nie C, Liu Y, Sun Z (2012) Reduced graphene oxide and
activated carbon composites for capacitive deionization. J Mater Chem
22(31):15556–15561
49. Pekala RW, Farmer JC, Alviso CT, Tran TD, Mayer ST, Miller JM (1998) Carbon
aerogels for electrochemical applications. J Non-Cryst Solids 225:74–80
50. Pekala RW, Mayer ST, Kaschmitter JL, Morrison RL, inventors; Method for
making thin carbon foam electrodes patent WO9506002A1. (1995).
51. Tran TD, Lenz D, Kinoshita K, Droege M (1998) Effects of processing
conditions on the physical and electrochemical properties of carbon
aerogel composites. Mater Res Soc Proc 496:607-611.
52. Richard W. Pekala CTA (1992) Carbon aerogels and xerogels. Mater Res Soc
Procs 270:3-14
53. Lee YJ, Jung JC, Park S, Seo JG, Baeck SH, Yoon JR (2010) Preparation and
characterization of metal-doped carbon aerogel for supercapacitor. Curr
Appl Phys 10(3):947–951
54. Farmer J, inventor Method and apparatus for capacitive deionization and
electrochemical purification of waters, and regeneration of electrodes
patent US5425858A. (1995).
55. Farmer JC, inventor Method and apparatus for capacitive deionization and
electrochemical purification and regeneration of electrodes patent
US5954937A. (1999).
56. Farmer JC, Fix DV, Mack GV, Pekala RW, Poco JF (1996) Capacitive
deionization of NaCl and NaNO3 aq. solutions with carbon aerogel
electrodes. J Electrochem Soc 143(1):159–169
57. Farmer JC, Fix DV, Mack GV, Pekala RW, Poco JF (1995) Capacitive
deionization with carbon aerogel electrodes: carbonate, sulfate, and
phosphate. Int SAMPE Tech Conf 27:294–304
58. Farmer JC, Fix DV, Pekala RW, Nielsen JK, Volpe AM, Dietrich DD (1996) The use
of carbon aerogel electrodes for environmental cleanup. Prepr Pap - Am Chem
Soc, Div Fuel Chem 41(1):484–487
59. Yang CM, Choi WH, Na B-K, Cho BW, Cho WI (2005) Capacitive deionization
of NaCl solution with carbon aerogel-silica gel composite electrodes.
Desalination 174(2):125–133
60. Tanaka S, Nishiyama N, Morphology control of ordered mesoporous carbon
using organic-templating approach, progress in molecular and
environmental bioengineering—from analysis and modeling to technology
applications. In Progress in Molecular and Environmental
Bioengineering—from Analysis and Modeling to Technology Applications;
Carpi A. Ed.; InTech, 2011.
61. Ryoo R, Joo SH, Kruk M, Jaroniec M (2001) Ordered mesoporous carbons.
Adv Mater 13(9):677–681
62. Li L, Zou L, Song H, Morris G (2009) Ordered mesoporous carbons
synthesized by a modified sol-gel process for electrosorptive removal of
sodium chloride. Carbon 47(3):775–781
63. Zou L, Li L, Song H, Morris G (2008) Using mesoporous carbon electrodes
for brackish water desalination. Water Res 42(8-9):2340–2348
64. Zou L, Li L, Song H, Morris G (2010) Improving the capacitive deionisation
performance by optimising pore structures of the electrodes. Water Sci
Technol 61(5):1227–1233
65. Tsouris C, Mayes R, Kiggans J, Sharma K, Yiacoumi S, DePaoli D (2011)
Mesoporous carbon for capacitive deionization of saline water. Environ Sci
Technol 45(23):10243–10249
66. Nadakatti S, Tendulkar M, Kadam M (2011) Use of mesoporous conductive
carbon black to enhance performance of activated carbon electrodes in
capacitive deionization technology. Desalination 268(1-3):182–188
67. Peng Z, Zhang D, Shi L, Yan T (2012) High performance ordered
mesoporous carbon/carbon nanotube composite electrodes for capacitive
deionization. J Mater Chem 22(14):6603–6612
68. Choi W, Graphene : Synthesis and applications, CRC Press 2011.
69. Peigney A, Laurent C, Flahaut E, Bacsa RR, Rousset A (2001) Specific
surface area of carbon nanotubes and bundles of carbon nanotubes.
Carbon 39(4):507–514
70. Foo KY, Hameed BH (2009) A short review of activated carbon assisted
electrosorption process: an overview, current stage and future prospects.
J Hazard Mater 170(2-3):552–559
71. Oren Y (2008) Capacitive deionization (CDI) for desalination and
water treatment—past, present and future (a review).
Desalination 228:10–29
72. Dai K, Shi L, Fang J, Zhang D, Yu B (2005) NaCl adsorption in multi-walled
carbon nanotubes. Mater Lett 59(16):1989–1992
73. Dai K, Shi L, Zhang D, Fang J (2006) NaCl adsorption in multi-walled
carbon nanotube/active carbon combination electrode. Chem Eng
Sci 61(2):428–433
74. Gao Y, Pan L, Li H, Zhang Y, Zhang Z, Chen Y (2009) Electrosorption
behavior of cations with carbon nanotubes and carbon nanofibres
composite film electrodes. Thin Solid Films 517(5):1616–1619
75. Zhang D, Shi L, Fang J, Dai K (2007) Influence of diameter of carbon
nanotubes mounted in flow-through capacitors on removal of NaCl from
salt water. J Mater Sci 42:2471–2475
76. Pan L, Wang X, Gao Y, Zhang Y, Chen Y, Sun Z (2009) Electrosorption of
anions with carbon nanotube and nanofibre composite film electrodes.
Desalination 244(1-3):139–143
77. Nie C, Pan L, Li H, Chen T, Lu T, Sun Z (2012) Electrophoretic deposition of
carbon nanotubes film electrodes for capacitive deionization. J Electroanal
Chem 666:85–88
78. Wang L, Wang M, Huang Z-H, Cui T, Gui X, Kang F (2011) Capacitive
deionization of NaCl solutions using carbon nanotube sponge electrodes.
J Mater Chem 21(45):18295–18299
79. Peng Z, Zhang D, Yan T, Zhang J, Shi L (2013) Three-dimensional micro/
mesoporous carbon composites with carbon nanotube networks for
capacitive deionization. Appl Surface Sci 282:965–973
80. Nie C, Pan L, Liu Y, Li H, Chen T, Lu T (2012) Electrophoretic deposition of
carbon nanotube/polyacrylic acid composite film electrode for capacitive
deionization. Electrochim Acta 66:106–109
81. Sui Z, Meng Q, Zhang X, Ma R, Cao B (2012) Green synthesis of carbon
nanotube-graphene hybrid aerogels and their use as versatile agents for
water purification. J Mater Chem 22(18):8767–8771
82. Zhang D, Yan T, Shi L, Peng Z, Wen X, Zhang J (2012) Enhanced capacitive
deionization performance of graphene/carbon nanotube composites.
J Mater Chem 22(29):14696–14704
83. Li H, Lu T, Pan L, Zhang Y, Sun Z (2009) Electrosorption behavior of
graphene in NaCl solutions. J Mater Chem 19(37):6773–6779
84. Wang Z, Dou B, Zheng L, Zhang G, Liu Z, Hao Z (2012) Effective
desalination by capacitive deionization with functional graphene
nanocomposite as novel electrode material. Desalination 299:96–102
85. Wang Z, Yue L, Liu ZT, Liu ZH, Hao Z (2012) Functional graphene
nanocomposite as an electrode for the capacitive removal of FeCl3 from
water. J Mater Chem 22(28):14101–14107
Jia and Zhang Nanoscale Research Letters  (2016) 11:64 Page 21 of 25
86. Jia B, Zou L (2012) Graphene nanosheets reduced by a multi-step process
as high-performance electrode material for capacitive deionisation. Carbon
50(6):2315–2321
87. Wang H, Zhang D, Yan T, Wen X, Shi L, Zhang J (2012) Graphene prepared
via a novel pyridine–thermal strategy for capacitive deionization. J Mater
Chem 22:23745–23748
88. Lei H, Yan T, Wang H, Shi L, Zhang J, Zhang D (2015) Graphene-like carbon
nanosheets prepared by a Fe-catalyzed glucose-blowing method for
capacitive deionization. J Mater Chem A 3:5934–5941
89. Wen X, Zhang D, Yan T, Zhang J, Shi L (2013) Three-dimensional graphene-based
hierarchically porous carbon composites prepared by a dual-template strategy
for capacitive deionization. J Mater Chem A 1:12334–12344
90. Wang H, Zhang D, Yan T, Wen X, Zhang J, Shi L, Zhong Q (2013)
Three-dimensional macroporous graphene architectures as high
performance electrodes for capacitive deionization. J Mater Chem
A 1:11778–11789
91. Zhang D, Wen X, Shi L, Yan T, Zhang J (2012) Enhanced capacitive deionization
of graphene/mesoporous carbon composites. Nanoscale 4:5440–5446
92. Wang H, Shi L, Yan T, Zhang J, Zhong Q, Zhang D (2014) Design of
graphene-coated hollow mesoporous carbon spheres as high performance
electrodes for capacitive deionization. J Mater Chem A 2:4739–4750
93. Ryoo MW, Kim JH, Seo G (2003) Role of titania incorporated on activated
carbon cloth for capacitive deionization of NaCl solution. J Colloid Interface
Sci 264(2):414–419
94. Ryoo MW, Seo G (2003) Improvement in capacitive deionization function of
activated carbon cloth by titania modification. Water Res 37(7):1527–1534
95. Oh HJ, Lee JH, Ahn HJ, Jeong Y, Kim YJ, Chi CS (2006) Nanoporous
activated carbon cloth for capacitive deionization of aqueous solution. Thin
Solid Films 515(1):220–225
96. Myint M, Al-Harthi S, Dutta J (2014) Brackish water desalination by
capacitive deionization using zinc oxide micro/nanostructures grafted on
activated carbon cloth electrodes. Desalination 344:236–242
97. Leonard KC, Genthe JR, Sanfilippo JL, Zeltner WA, Anderson MA (2009)
Synthesis and characterization of asymmetric electrochemical capacitive
deionization materials using nanoporous silicon dioxide and magnesium
doped aluminum oxide. Electrochim Acta 54(22):5286–5291
98. Haro M, Rasines G, Macias C, Ania CO (2011) Stability of a carbon gel
electrode when used for the electro-assisted removal of ions from brackish
water. Carbon 49(12):3723–3730
99. Porada S, Weinstein L, Dash R, van der Wal A, Bryjak M, Gogotsi Y (2012)
Water desalination using capacitive deionization with microporous carbon
electrodes. ACS Appl Mater Interfaces 4(3):1194–1199
100. Yang J, Zou L, Song H (2012) Preparing MnO2/PSS/CNTs composite
electrodes by layer-by-layer deposition of MnO2 in the membrane
capacitive deionization. Desalination 286:108–114
101. Liu Q, Wang Y, Zhang Y, Xu S, Wang J (2012) Effect of dopants on the
adsorbing performance of polypyrrole/graphite electrodes for capacitive
deionization process. Synth Met 162(7-8):655–661
102. El-Deen A, Barakat N, Khalild K, Kim H (2014) Hollow carbon nanofibers as
an effective electrode for brackish water desalination using the capacitive
deionization process. New J Chem 38:198–205
103. Huang Z-H, Wang M, Wang L, Kang F (2012) Relation between the charge
efficiency of activated carbon fiber and its desalination performance.
Langmuir 28(11):5079–5084
104. Wen X, Zhang D, Shi L, Yan T, Wang H, Zhang J (2012) Three-dimensional
hierarchical porous carbon with a bimodal pore arrangement for capacitive
deionization. J Mater Chem 22:23835–23844
105. M.D. Andelman, Charge barrier flow-through capacitor, Can. Patent CA
2444390 (2002).
106. Li H, Gao Y, Pan L, Zhang Y, Chen Y, Sun Z (2008) Electrosorptive
desalination by carbon nanotubes and nanofibres electrodes and ion-
exchange membranes. Water Res 42(20):4923–4928
107. Biesheuvel PM, van der Wal A (2010) Membrane capacitive deionization, J.
Membr. Sci. 346(2):256-62
108. Kim YJ, Choi JH (2010) Enhanced desalination efficiency in capacitive
deionization with an ion-selective membrane. Sep Purif Technol 71(1):70–75
109. Lee JH, Choi JH (2012) The production of ultrapure water by membrane
capacitive deionization (MCDI) technology. J Membr Sci 409–410:251–256
110. Villar I, Roldan S, Ruiz V, Granda M, Blanco C, Menendez R (2010) Capacitive
deionization of NaCl solutions with modified activated carbon electrodes.
Energy Fuels 24(6):3329–3333
111. Chen Z, Song C, Sun X, Guo H, Zhu G (2011) Kinetic and isotherm studies
on the electrosorption of NaCl from aqueous solutions by activated carbon
electrodes. Desalination 267(2-3):239–243
112. Wang G, Pan C, Wang L, Dong Q, Yu C, Zhao Z (2012) Activated carbon
nanofiber webs made by electrospinning for capacitive deionization.
Electrochim Acta 69:65–70
113. Ying TY, Yang KL, Yiacoumi S, Tsouris C (2002) Electrosorption of ions
from aqueous solutions by nanostructured carbon aerogel. J Colloid
Interface Sci 250(1):18–27
114. Jung HH, Hwang SW, Hyun SH, Lee KH, Kim GT (2007) Capacitive
deionization characteristics of nanostructured carbon aerogel electrodes
synthesized via ambient drying. Desalination 216(1-3):377–385
115. Xu P, Drewes JE, Heil D, Wang G (2008) Treatment of brackish produced
water using carbon aerogel-based capacitive deionization technology.
Water Res 42(10-11):2605–2617
116. Wang S, Wang D, Ji L, Gong Q, Zhu Y, Liang J (2007) Equilibrium and kinetic
studies on the removal of NaCl from aqueous solutions by electrosorption
on carbon nanotube electrodes. Sep Purif Technol 58(1):12–16
117. Wang M, Huang Z-H, Wang L, Wang MX, Kang F, Hou H (2010) Electrospun
ultrafine carbon fiber webs for electrochemical capacitive desalination. New
J Chem 34(9):1843–1845
118. Wang XZ, Li MG, Chen YW, Cheng RM, Huang SM, Pan LK (2006)
Electrosorption of ions from aqueous solutions with carbon nanotubes and
nanofibers composite film electrode. Appl Phys Lett 89:053127
119. Jang J, Bae J, Choi M, Yoon SH (2005) Fabrication and characterization of
polyaniline coated carbon nanofiber for supercapacitor. Carbon 43(13):2730–2736
120. Seize, Black aniline, Journal of Colorists and Dyists. 1842.
121. de Albuquerque JE, Mattoso LHC, Faria RM, Masters JG, MacDiarmid AG
(2004) Study of the interconversion of polyaniline oxidation states by
optical absorption spectroscopy. Synth Met 146(1):1–10
122. McCall RP, Roe MG, Ginder JM, Kusumoto T, Epstein AJ, Asturias GE (1989) IR
absorption, photoinduced IR absorption, and photoconductivity of
polyaniline. Synth Met 29(1):433–438
123. Richter AF, Ray A, Ramanathan KV, Manohar SK, Furst GT, Opella SJ (1989)
15 N NMR of polyaniline. Synth Met 29(1):243–249
124. Annis BK, Specht ED, Theophilou N, MacDiarmid AG (1991) Structural
aspects of stretched emeraldine as determined by X-ray scattering.
Polymer 32(7):1160–1166
125. Cowan DL, Priest V, Marrero TR, Slaughter DW (1990) Electrical conductivity
in polyaniline. J Phys Chem Solids 51(4):307–312
126. MacDiarmid AG, Epstein AJ (1994) The concept of secondary doping as
applied to polyaniline. Synth Met 65(2-3):103–116
127. MacDiarmid AG, Epstein AJ (1995) Secondary doping in polyaniline. Synth
Met 69(1-3):85-92
128. Stafstrom S, Bredas JL, Epstein AJ, Woo HS, Tanner DB, Huang WS (1987)
Polaron lattice in highly conducting polyaniline: theoretical and optical
studies. Phys Rev Lett 59(13):1464–1467
129. Hua MY, Hwang GW, Chuang YH, Chen SA, Tsai RY (2000) Soluble n-doped
polyaniline: synthesis and characterization. Macromolecules 33(17):6235–6238
130. Zengin H, Zhou W, Jin J, Czerw R, Smith DW, Echegoyen L (2002) Carbon
nanotube doped polyaniline. J Adv Mater 14(20):1480–1483
131. Zhou H, Lin Y, Yu P, Su L, Mao L (2009) Doping polyaniline with pristine
carbon nanotubes into electroactive nanocomposite in neutral and alkaline
media. Electrochem Commun 11(5):965–968
132. Singh P, Singh RA (2012) Preparation and characterization of polyaniline
nanostructures via a interfacial polymerization method. Synth Met
162(24):2193–2200
133. Bai X, Mei J, Bai Y, Mu Z (2012) Synthesis and characterization of polyaniline
nanotubes doped with amino acetic acid. Appl Mech Mater (184-185):1285-
1288
134. Gmati F, Fattoum A, Manaii A, Mohamed AB (2012) Effects of the action of
hydrogen peroxide on the electrical properties of polyaniline-aluminium
composites. J Phys D Appl Phys 315405/1-/9.
135. Palaniappan S, Sairam M (2008) Benzoyl peroxide as a novel oxidizing
agent in a polyaniline dispersion: Synthesis and characterization of a
pure polyaniline–poly(vinyl pyrrolidone) composite. J Appl Polym Sci
108(2):825–832
136. Sydulu Singu B, Srinivasan P, Pabba S (2012) Benzoyl peroxide oxidation
route to nano form polyaniline salt containing dual dopants for
pseudocapacitor.
J Electrochem Soc 159(1):A6-A13.
Jia and Zhang Nanoscale Research Letters  (2016) 11:64 Page 22 of 25
137. Zhang Z, Deng J, Wan M (2009) Highly crystalline and thin polyaniline
nanofibers oxidized by ferric chloride. Mater Chem Phys 115(1):275–279
138. Zhang L, Wan M, Wei Y (2006) Nanoscaled polyaniline fibers prepared by
ferric chloride as an oxidant. Macromol Rapid Commun 27(5):366–371
139. Wang Y, Liu Z, Han B, Sun Z, Huang Y, Yang G (2004) Facile synthesis
of polyaniline nanofibers using chloroaurate acid as the oxidant.
Langmuir 21(3):833–836
140. Yang W, Liu J, Zheng R, Liu Z, Dai Y, Chen G (2008) Ionic liquid-assisted
synthesis of polyaniline/gold nanocomposite and its biocatalytic application.
Nanoscale Res Lett 3(11):468–472
141. Sapurina IY, Shishov MA (2012) Oxidative polymerization of aniline: molecular
synthesis of polyaniline and the formation of supramolecular structures. In
New Polymers for Special Applications; De Souza Gomes A. Ed.; InTech, 2012.
142. Tran HD, Wang Y, D’Arcy JM, Kaner RB (2008) Toward an understanding of
the formation of conducting polymer nanofibers. ACS Nano 2(9):1841–1848
143. Stejskal J, Riede A, Hlavatá D, Jan P, Helmstedt M, Holler P (1998) The effect
of polymerization temperature on molecular weight, crystallinity, and
electrical conductivity of polyaniline. Synth Met 96(1):55–61
144. Stejskal J, Gilbert RG (2002) Polyaniline: preparation of a conducting
polymer. Pure Appl Chem 74(5):857–867
145. Wei Z, Zhang Z, Wan M (2002) Formation mechanism of self-assembled
polyaniline micro/nanotubes. Langmuir 18(3):917–921
146. Chiou N-R, Lee LJ, Epstein AJ (2007) Self-assembled polyaniline nanofibers/
nanotubes. Chem Mater 19(15):3589–3591
147. Zhang L, Zujovic ZD, Peng H, Bowmaker GA, Kilmartin PA, Travas-Sejdic J
(2008) Structural characteristics of polyaniline nanotubes synthesized from
different buffer solutions. Macromolecules 41(22):8877–8884
148. Zhong W, Wang Y, Yan Y, Sun Y, Deng J, Yang W (2007) Fabrication
of shape-controllable polyaniline micro/nanostructures on organic
polymer surfaces: obtaining spherical particles, wires, and ribbons.
J Phys Chem B 111(15):3918–3926
149. Zhu Y, Hu D, Wan MX, Jiang L, Wei Y (2007) Conducting and
superhydrophobic rambutan-like hollow spheres of polyaniline.
Adv Mater 19(16):2092–2096
150. Li G, Zhang C, Peng H (2008) Facile synthesis of self-assembled polyaniline
nanodisks. Macromol Rapid Commun 29(1):63–67
151. Sapurina I, Stejskal J (2008) The mechanism of the oxidative polymerization
of aniline and the formation of supramolecular polyaniline structures. Polym
Int 57(12):1295–1325
152. Subramania A, Devi SL (2008) Polyaniline nanofibers by surfactant-assisted
dilute polymerization for supercapacitor applications. Polym Adv
Technol 19(7):725–727
153. Chiou NR, Epstein AJ (2005) Polyaniline nanofibers prepared by dilute
polymerization. Adv Mater 17(13):1679–1683
154. Anilkumar P, Jayakannan M (2008) Divergent nanostructures from identical
ingredients: unique amphiphilic micelle template for polyaniline nanofibers,
tubes, rods, and spheres. Macromolecules 41(20):7706–7715
155. Zhang L, Zhang L, Wan M, Wei Y (2006) Polyaniline micro/nanofibers doped
with saturation fatty acids. Synth Met 156(5-6):454–458
156. Konyushenko EN, Stejskal J, Šeděnková I, Trchová M, Sapurina I, Cieslar M
(2006) Polyaniline nanotubes: conditions of formation. Polym Int 55(1):31–39
157. Huang J, Kaner RB (2003) A general chemical route to polyaniline
nanofibers. J Am Chem Soc 126(3):851–855
158. Zhang X, Chan-Yu-King R, Jose A, Manohar SK (2004) Nanofibers of polyaniline
synthesized by interfacial polymerization. Synth Met 145(1):23–29
159. Rezaei F, Tavandashti N, Zahedi A (2008) Morphology of polyaniline
nanofibers synthesized under different conditions. Res Chem Intermed 40:
1233-1247
160. Ding H, Wan M, Wei Y (2007) Controlling the diameter of polyaniline
nanofibers by adjusting the oxidant redox potential. Adv Mater 19(3):465–469
161. Wu J, Tang Q, Li Q, Lin J (2008) Self-assembly growth of oriented polyaniline
arrays: a morphology and structure study. Polymer 49(24):5262–5267
162. Ding Z, Yang D, Currier RP, Obrey SJ, Zhao Y (2009) Polyaniline morphology
and detectable intermediate aggregates. Macromol Chem Phys 211(6):627–634
163. Bhadra S, Khastgir D, Singha NK, Lee JH (2009) Progress in preparation,
processing and applications of polyaniline. Prog Polym Sci 34(8):783–810
164. Blinova NV, Stejskal J, TrchovÃ¡ M, Sapurina I, Ćirić-Marjanovićc G (2009) The
oxidation of aniline with silver nitrate to polyaniline silver composites.
Polymer 50(1):50–56
165. Zhang X, Goux WJ, Manohar SK (2004) Synthesis of polyaniline nanofibers
by nanofiber seeding. J Am Chem Soc 126(14):4502–4503
166. Prathap MUA, Srivastava R (2011) Morphological controlled synthesis of
micro-/nano-polyaniline. J Polym Res 18(6):2455–2467
167. Garai A, Nandi AK (2009) Tuning of different polyaniline nanostructures from
a coacervate gel/sol template. Synt Met 159(7):757–760
168. Song G, Han J, Bo J, Guo R (2009) Synthesis of polyaniline
nanostructures in different lamellar liquid crystals and application to
lubrication. J Mater Sci 44(3):715–720
169. Deepshikha, Basu T (2011) The role of structure directing agents on
chemical switching properties of nanostructured conducting polyaniline
(NSPANI). Res J Chem Sci 1(6):20-9.
170. Quillard S, Louarn G, Lefrant S, Macdiarmid AG (1994) Vibrational analysis of
polyaniline: a comparative study of leucoemeraldine, emeraldine, and
pernigraniline bases. Phys Rev B 50(17):12496–12508
171. Mazeikiene R, Malinauskas A (1996) Electrochemical behaviour of polyaniline
film polymerized by the use of a chemical oxidation step. Electrochim Acta
41(10):1587–1591
172. Kang ET, Neoh KG, Tan KL (1998) Polyaniline: a polymer with many
interesting intrinsic redox states. Progr Polym Sci 23(2):277–324
173. Volfkovich YM, Sergeev AG, Zolotova TK, Afanasiev SD, Efimov ON,
Krinichnaya EP (1999) Macrokinetics of polyaniline based electrode: effects
of porous structure, microkinetics, diffusion, and electrical double layer.
Electrochim Acta 44(10):1543–1558
174. Malinauskas A, Holze R (1998) An in situ spectroelectrochemical study
of redox reactions at polyaniline-modified ITO electrodes. Electrochim
Acta 43(18):2563–2575
175. Ram MK, Salerno M, Adami M, Faraci P, Nicolini C (1999) Physical
properties of polyaniline films: assembled by the layer-by-layer
technique. Langmuir 15(4):1252–1259
176. Hu CC, Chu CH (2001) Electrochemical impedance characterization of
polyaniline-coated graphite electrodes for electrochemical capacitors: effects of
film coverage/thickness and anions. J Electroanal Chem 503(1-2):105–116
177. Ryu KS, Kim KM, Park NG, Park YJ, Chang SH (2002) Symmetric redox
supercapacitor with conducting polyaniline electrodes. J Power Sources
103(2):305–309
178. Pauliukaite R, Brett CMA, Monkman AP (2004) Polyaniline fibres as
electrodes: electrochemical characterisation in acid solutions. Electrochim
Acta 50(1):159–167
179. Mi H, Zhang X, Yang S, Ye X, Luo J (2008) Polyaniline nanofibers as the
electrode material for supercapacitors. Mater Chem Phys 112(1):127–131
180. Cao Y, Mallouk TE (2008) Morphology of template-grown polyaniline
nanowires and its effect on the electrochemical capacitance of nanowire
arrays. Chem Mater 20(16):5260–5265
181. Wang K, Huang J, Wei Z (2010) Conducting polyaniline nanowire arrays for
high performance supercapacitors. J Phys Chem C 114(17):8062–8067
182. Xu J, Wang K, Zu SZ, Han BH, Wei Z (2010) Hierarchical nanocomposites of
polyaniline nanowire arrays on graphene oxide sheets with synergistic
effect for energy storage. ACS Nano 4(9):5019–5026
183. Zhang L, Zhao G, Wang Y (2013) Polyaniline nanowire electrodes with
high capacitance synthesized by a simple approach. Mater Sci Eng C
33(1):209–212
184. Zhao G-Y, Li HL (2008) Preparation of polyaniline nanowire arrayed
electrodes for electrochemical supercapacitors. Microporous Mesoporous
Mater 110(2-3):590–594
185. Qin Q, Zhang R (2013) A novel conical structure of polyaniline nanotubes
synthesized on ITO-PET conducting substrate by electrochemical method.
Electrochim Acta 89:726–731
186. Mi H, Zhang X, Ye X, Yang S (2008) Preparation and enhanced capacitance
of core-shell polypyrrole/polyaniline composite electrode for
supercapacitors. J Power Sources 176(1):403–409
187. Kim BC, Kwon JS, Ko JM, Park JH, Too CO, Wallace GG (2010) Preparation
and enhanced stability of flexible supercapacitor prepared from nafion/
polyaniline nanofiber. Synth Met 160(1-2):94–98
188. Zhang X, Ji L, Zhang S, Yang W (2007) Synthesis of a novel polyaniline-
intercalated layered manganese oxide nanocomposite as electrode material
for electrochemical capacitor. J Power Sources 173(2):1017–1023
189. Ni W, Wang D, Huang Z, Zhao J, Cui G (2010) Fabrication of nanocomposite
electrode with MnO2 nanoparticles distributed in polyaniline for
electrochemical capacitor. Mater Chem Phys 124(2):1151–1154
190. Bian C, Yu A, Wu H (2009) Fibriform polyaniline/nano-TiO2 composite as an
electrode material for aqueous redox supercapacitors. Electrochem
Commun 11(2):266–269
Jia and Zhang Nanoscale Research Letters  (2016) 11:64 Page 23 of 25
191. Oh M, Park S-J, Jung Y, Kim S (2012) Electrochemical properties of
polyaniline composite electrodes prepared by in-situ polymerization in
titanium dioxide dispersed aqueous solution. Synth Met 162(7):695–701
192. Li X, Chai Y, Zhang H, Wang G, Feng X (2012) Synthesis of polyaniline/tin
oxide hybrid and its improved electrochemical capacitance performance.
Electrochim Acta 85:9–15
193. Saranya S, Selvan RK, Priyadharsini N (2012) Synthesis and characterization
of polyaniline/MnWO4 nanocomposites as electrodes for pseudocapacitors.
Appl Surf Sci 258(11):4881–4887
194. Liu Q, Nayfeh MH, Yau ST (2010) Supercapacitor electrodes based on
polyaniline-silicon nanoparticle composite. J Power Sources 195(12):3956–3959
195. Li Y, Zhao X, Xu Q, Zhang Q, Chen D (2011) Facile preparation and
enhanced capacitance of the polyaniline/sodium alginate nanofiber
network for supercapacitors. Langmuir 27(10):6458–6463
196. Chen WC, Wen TC, Teng H (2003) Polyaniline-deposited porous carbon
electrode for supercapacitor. Electrochim Acta 48(6):641–649
197. Chen WC, Wen TC (2003) Electrochemical and capacitive properties of
polyaniline-implanted porous carbon electrode for supercapacitors. J Power
Sources 117(1-2):273–282
198. Ko JM, Song RY, Yu HJ, Yoon JW, Min BG, Kim DW (2004) Capacitive performance
of the composite electrodes consisted of polyaniline and activated carbons
powder in a solid-like acid gel electrolyte. Electrochim Acta 50(2-3):873–876
199. Wang Q, Li J, Gao F, Li W, Wu K, Wang X (2008) Activated carbon coated
with polyaniline as an electrode material in supercapacitors. New Carbon
Mater 23(3):275–280
200. Jin Z, Ren X, Qin C, Li B, Quan S, Bai X (2011) Hybrid supercapacitors based
on polyaniline and activated carbon composite electrode materials. Pigm
Resin Technol 20(4):235–239
201. Lei Z, Chen Z, Zhao XS (2010) Growth of polyaniline on hollow carbon spheres
for enhancing electrocapacitance. J Phys Chem C 114(46):19867–19874
202. Yan X, Tai Z, Chen J, Xue Q (2011) Fabrication of carbon nanofiber-polyaniline
composite flexible paper for supercapacitor. Nanoscale 3(1):212–216
203. Dalmolin C, Biaggio SR, Rocha-Filho RC, Bocchi N (2009) Preparation,
electrochemical characterization and charge/discharge of reticulated vitreous
carbon/polyaniline composite electrodes. Electrochim Acta 55(1):227–233
204. Zheng L, Wang Y, Wang X, Li N, An H, Chen H (2010) The preparation and
performance of calcium carbide-derived carbon/polyaniline composite
electrode material for supercapacitors. J Power Sources 195(6):1747–1752
205. Woo SW, Dokko K, Nakano H, Kanamura K (2009) Incorporation of polyaniline
into macropores of three-dimensionally ordered macroporous carbon
electrode for electrochemical capacitors. J Power Sources 190(2):596–600
206. Cai JJ, Kong LB, Zhang J, Luo YC, Kang L (2010) A novel polyaniline/
mesoporous carbon nano-composite electrode for asymmetric
supercapacitor. Chin Chem Lett 21(12):1509–1512
207. Liu WX, Liu N, Song HH, Chen XH (2011) Properties of polyaniline/ordered
mesoporous carbon composites as electrodes for supercapacitors. New
Carbon Mater 26(3):217–223
208. Dou YQ, Zhai Y, Liu H, Xia Y, Tu B, Zhao D (2011) Syntheses of polyaniline/
ordered mesoporous carbon composites with interpenetrating framework
and their electrochemical capacitive performance in alkaline solution.
J Power Sources 196(3):1608–1614
209. Bian LJ, Luan F, Liu SS, Liu XX (2012) Self-doped polyaniline on
functionalized carbon cloth as electroactive materials for supercapacitor.
Electrochim Acta 64:17–22
210. Cheng Q, Tang J, Ma J, Zhang H, Shinya N, Qin LC (2011) Polyaniline-coated
electro-etched carbon fiber cloth electrodes for supercapacitors. J Phys
Chem C 115(47):23584–23590
211. Mu B, Liu P, Wang A (2013) Synthesis of polyaniline/carbon black hybrid
hollow microspheres by layer-by-layer assembly used as electrode materials
for supercapacitors. Electrochim Acta 88:177–183
212. Deng J, Ding X, Zhang W, Peng Y, Wang J, Long X (2002) Carbon
nanotube-polyaniline hybrid materials. Eur Polym J 38(12):2497–2501
213. Zhou Y, Qin ZY, Li L, Zhang Y, Wei YL, Wang LF (2010) Polyaniline/multi-walled
carbon nanotube composites with core-shell structures as supercapacitor
electrode materials. Electrochim Acta 55(12):3904–3908
214. Zhu Z, Wang G, Sun M, Li X, Li C (2011) Fabrication and electrochemical
characterization of polyaniline nanorods modified with sulfonated carbon
nanotubes for supercapacitor applications. Electrochim Acta 56(3):1366–1372
215. Gupta V, Miura N (2006) Polyaniline/single-wall carbon nanotube (PANI/
SWCNT) composites for high performance supercapacitors. Electrochim
Acta 52(4):1721–1726
216. Zhang H, Cao G, Wang Z, Yang Y, Shi Z, Gu Z (2008) Tube-covering-tube
nanostructured polyaniline/carbon nanotube array composite electrode
with high capacitance and superior rate performance as well as good
cycling stability. Electrochem Commun 10(7):1056–1059
217. Zhang H, Cao G, Wang W, Yuan K, Xu B, Zhang W (2009) Influence of
microstructure on the capacitive performance of polyaniline/carbon
nanotube array composite electrodes. Electrochim Acta 54(4):1153–1159
218. Wu F, Chen J, Li L, Zhao T, Chen R (2011) Improvement of rate and cycle
performence by rapid polyaniline coating of a MWCNT/sulfur cathode.
J Phys Chem C 115(49):24411–24417
219. Zhou Y, He B, Zhou W, Huang J, Li X, Wu B (2004) Electrochemical
capacitance of well-coated single-walled carbon nanotube with polyaniline
composites. Electrochim Acta 49(2):257–262
220. Choi HJ, Jeon IY, Kang SW, Baek JB (2011) Electrochemical activity of a
polyaniline/polyaniline-grafted multiwalled carbon nanotube mixture
produced by a simple suspension polymerization. Electrochim Acta
56(27):10023–10031
221. King RCY, Roussel F, Brun JF, Gors C (2012) Carbon nanotube-polyaniline
nanohybrids: influence of the carbon nanotube characteristics on the
morphological, spectroscopic, electrical and thermoelectric properties.
Synth Met 162(15):1348–1356
222. Fan H, Zhao N, Wang H, Li X, Xu J (2013) Preparation of carpenterworm-like
polyaniline/carbon nanotubes nanocomposites with enhanced
electrochemical property. Mater Lett 92:157–160
223. Mi H, Zhang X, An S, Ye X, Yang S (2007) Microwave-assisted synthesis and
electrochemical capacitance of polyaniline/multi-wall carbon nanotubes
composite. Electrochem Commun 9(12):2859–2862
224. Rodrigues FO, Salvatierra RV, Zarbin AJG, Rocco MLM (2013) Investigation of
carbon nanotube/polyaniline nanocomposite thin films produced by
interfacial polymerization through electron desorption. J Mol Struct 1037:93–98
225. Ubul A, Jamal R, Rahman A, Awut T, Nurulla I, Abdiryim T (2011) Solid-state
synthesis and characterization of polyaniline/multi-walled carbon nanotubes
composite. Synth Met 161(19-20):2097–2102
226. Razak SIA, Ahmad AL, Zein SHS, Boccaccini AR (2009) MnO2-filled
multiwalled carbon nanotube/polyaniline nanocomposites with
enhanced interfacial interaction and electronic properties. Scripta Mater
61(6):592–595
227. Li Q, Liu J, Zou J, Chunder A, Chen Y, Zhai L (2011) Synthesis and
electrochemical performance of multi-walled carbon nanotube/polyaniline/
MnO2 ternary coaxial nanostructures for supercapacitors. J Power Sources
196(1):565–572
228. Dong B, He BL, Xu CL, Li HL (2007) Preparation and electrochemical
characterization of polyaniline/multi-walled carbon nanotubes composites
for supercapacitor. Mater Sci Eng B 143(1-3):7–13
229. Li Y, Peng H, Li G, Chen K (2012) Synthesis and electrochemical
performance of sandwich-like polyaniline/graphene composite nanosheets.
Eur Polym J 48(8):1406–1412
230. Kumar NA, Choi HJ, Shin YR, Chang DW, Dai L, Baek JB (2012) Polyaniline-grafted
reduced graphene oxide for efficient electrochemical supercapacitors.
ACS Nano 6(2):1715–1723
231. Li J, Xie H, Li Y, Liu J, Li Z (2011) Electrochemical properties of graphene
nanosheets/polyaniline nanofibers composites as electrode for
supercapacitors. J Power Sources 196(24):10775–10781
232. Murugan AV, Muraliganth T, Manthiram A (2009) Rapid, facile
microwave-solvothermal synthesis of graphene nanosheets and their
polyaniline nanocomposites for energy storage. Chem Mater 21(21):5004–5006
233. Yan X, Chen J, Yang J, Xue Q, Miele P (2010) Fabrication of
free-standing, electrochemically active, and biocompatible graphene
oxide/polyaniline and graphene/polyaniline hybrid papers. ACS Appl
Mater Interfaces 2(9):2521–2529
234. Wu Q, Xu Y, Yao Z, Liu A, Shi G (2010) Supercapacitors based on flexible
graphene/polyaniline nanofiber composite films. ACS Nano 4(4):1963–1970
235. An J, Liu J, Zhou Y, Zhao H, Ma Y, Li M (2012) Polyaniline-grafted
graphene hybrid with amide groups and its use in supercapacitors.
J Phys Chem C 116(37):19699–19708
236. Liu J, An J, Zhou Y, Ma Y, Li M, Yu M (2012) Preparation of an amide
group-connected graphene/polyaniline nanofiber hybrid and its
application in supercapacitors. ACS Appl Mater Interfaces 4(6):2870–2876
237. Sarker AK, Hong JD (2012) Layer-by-layer self-assembled multilayer films
composed of graphene/polyaniline bilayers: high-energy electrode materials
for supercapacitors. Langmuir 28(34):12637–12646
Jia and Zhang Nanoscale Research Letters  (2016) 11:64 Page 24 of 25
238. Gao Z, Yang W, Wang J, Wang B, Li Z, Liu Q (2013) A new partially reduced
graphene oxide nanosheet/polyaniline nanowafer hybrid as supercapacitor
electrode material. Energy Fuels 27(1):568–575
239. Chen G-L, Shau S-M, Juang T-Y, Lee R-H, Chen C-P, Suen S-Y (2011)
Single-layered graphene oxide nanosheet/polyaniline hybrids fabricated
through direct molecular exfoliation. Langmuir 27(23):14563–14569
240. Lai L, Yang H, Wang L, Teh BK, Zhong J, Chou H (2012) Preparation of
supercapacitor electrodes through selection of graphene surface
functionalities. ACS Nano 6(7):5941–5951
241. Dong X, Wang J, Wang J, Chan-Park MB, Li X, Wang L (2012) Supercapacitor
electrode based on three-dimensional graphene-polyaniline hybrid. Mater
Chem Phys 134(2-3):576–580
242. Yong YC, Dong XC, Chan-Park MB, Song H, Chen P (2012) Macroporous and
monolithic anode based on polyaniline hybridized three-dimensional
graphene for high-performance microbial fuel cells. ACS Nano 6(3):2394–2400
243. Li Y, Zhao X, Yu P, Zhang Q (2013) Oriented arrays of polyaniline nanorods
grown on graphite nanosheets for an electrochemical supercapacitor.
Langmuir 29(1):493–500
244. Lu X, Dou H, Yang S, Hao L, Zhang L, Shen L (2011) Fabrication and
electrochemical capacitance of hierarchical graphene/polyaniline/carbon
nanotube ternary composite film. Electrochim Acta 56(25):9224–9232
245. Yan J, Wei T, Fan Z, Qian W, Zhang M, Shen X (2010) Preparation of
graphene nanosheet/carbon nanotube/polyaniline composite as electrode
material for supercapacitors. J Power Sources 195(9):3041–3045
246. Gupta V, Miura N (2006) High performance electrochemical
supercapacitor from electrochemically synthesized nanostructured
polyaniline. Mater Lett 60(12):1466–1469
247. Ghenaatian HR, Mousavi MF, Kazemi SH, Shamsipur M (2009)
Electrochemical investigations of self-doped polyaniline nanofibers as a new
electroactive material for high performance redox supercapacitor. Synth
Met 159(17-18):1717–1722
248. Li GR, Feng ZP, Zhong JH, Wang ZL, Tong YX (2010) Electrochemical
synthesis of polyaniline nanobelts with predominant electrochemical
performances. Macromolecules 43(5):2178–2183
249. Dhawale DS, Dubal DP, Jamadade VS, Salunkhe RR, Lokhande CD (2010)
Fuzzy nanofibrous network of polyaniline electrode for supercapacitor
application. Synth Met 160(5-6):519–522
250. Dhawale DS, Vinu A, Lokhande CD (2011) Stable nanostructured polyaniline
electrode for supercapacitor application. Electrochim Acta 56(25):9482–9487
251. Yan Y, Cheng Q, Pavlinek V, Saha P, Li C (2012) Fabrication of polyaniline/
mesoporous carbon/MnO2 ternary nanocomposites and their enhanced
electrochemical performance for supercapacitors. Electrochim Acta 71:27–32
252. Yang M, Cheng B, Song H, Chen X (2010) Preparation and electrochemical
performance of polyaniline-based carbon nanotubes as electrode material
for supercapacitor. Electrochim Acta 55(23):7021–7027
253. Meng C, Liu C, Fan S (2009) Flexible carbon nanotube/polyaniline
paper-like films and their enhanced electrochemical properties.
Electrochem Commun 11(1):186–189
254. Meng C, Liu C, Chen L, Hu C, Fan S (2010) Highly flexible and all-solid-state
paperlike polymer supercapacitors. Nano Lett 10(10):4025–4031
255. Mikhaylova AA, Tusseeva EK, Mayorova NA, Rychagov AY, Volfkovich YM,
Krestinin AV (2011) Single-walled carbon nanotubes and their composites
with polyaniline. Structure, catalytic and capacitive properties as applied to
fuel cells and supercapacitors. Electrochim Acta 56(10):3656–3665
256. Sivakkumar SR, Kim WJ, Choi JA, MacFarlane DR, Forsyth M, Kim DW (2007)
Electrochemical performance of polyaniline nanofibres and polyaniline/
multi-walled carbon nanotube composite as an electrode material for
aqueous redox supercapacitors. J Power Sources 171(2):1062–1068
257. Zhang JJ, Gu MM, Zheng TT, Zhu JJ (2009) Synthesis of gelatin-stabilized gold
nanoparticles and assembly of carboxylic single-walled carbon nanotubes/au
composites for cytosensing and drug uptake. Anal Chem 81(16):6641–6648
258. Gao B, Fu Q, Su L, Yuan C, Zhang X (2010) Preparation and electrochemical
properties of polyaniline doped with benzenesulfonic functionalized multi-walled
carbon nanotubes. Electrochim Acta 55(7):2311–2318
259. Yin Y, Liu C, Fan S (2012) Well-constructed CNT mesh/PANI nanoporous
electrode and its thickness effect on the supercapacitor properties. J Phys
Chem C 116(50):26185–26189
260. Wang H, Hao Q, Yang X, Lu L, Wang X (2010) Effect of graphene oxide
on the properties of its composite with polyaniline. ACS Appl Mater
Interfaces 2(3):821–828
261. Wang DW, Li F, Zhao J, Ren W, Chen ZG, Tan J (2009) Fabrication
of graphene/polyaniline composite paper via in situ anodic
electropolymerization for high-performance flexible electrode.
ACS Nano 3(7):1745–1752
262. Zhang K, Zhang LL, Zhao XS, Wu J (2010) Graphene/polyaniline nanofiber
composites as supercapacitor electrodes. Chem Mater 22(4):1392–1401
263. Wang H, Hao Q, Yang X, Lu L, Wang XA (2010) Nanostructured graphene/
polyaniline hybrid material for supercapacitors. Nanoscale 2(10):2164–2170
264. Zhou G, Wang D, Li F, Zhang L, Weng Z, Cheng H (2011) The effect of carbon
particle morphology on the electrochemical properties of nanocarbon/
polyaniline composites in supercapacitors. New Carbon Mater 26(3):180–186
265. Liu S, Liu X, Li Z, Yang S, Wang J (2011) Fabrication of free-standing
graphene/polyaniline nanofibers composite paper via electrostatic
adsorption for electrochemical supercapacitors. New J Chem 35(2):369–374
266. Mao L, Zhang K, On Chan HS, Wu J (2011) Surfactant-stabilized graphene/
polyaniline nanofiber composites for high performance supercapacitor
electrode. J Mater Chem 22(1):80–85
267. Mishra AK, Ramaprabhu S (2011) Functionalized graphene-based
nanocomposites for supercapacitor application. J Phys Chem C
115(29):14006–14013
268. Zhang J, Zhao XS (2012) Conducting polymers directly coated on reduced
graphene oxide sheets as high-performance supercapacitor electrodes.
J Phys Chem C 116(9):5420–5426
269. Zhong M, Song Y, Li Y, Ma C, Zhai X, Shi J (2012) Effect of reduced
graphene oxide on the properties of an activated carbon cloth/polyaniline
flexible electrode for supercapacitor application. J Power Sources 217:6–12
270. Zhang W, Mossad M, Zou L (2013) A study of the long-term operation
of capacitive deionisation in inland brackish water desalination.
Desalination 320:80–85
271. Mossad M, Zhang W, Zou L (2013) Using capacitive deionisation for
inland brackish groundwater desalination in a remote location.
Desalination 308:154–160
272. Zhang W, Mossad M, Yazdi J, Zou L (2016) A statistical experimental
investigation on arsenic removal using a solar powered capacitive
deionisation unit. Desalination Water Treat 57:3254-3260
Submit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
Jia and Zhang Nanoscale Research Letters  (2016) 11:64 Page 25 of 25
